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The emissions of carbon dioxide (CO2) from soil to the atmosphere represent a major flux 
within the global carbon cycle. Soil CO2 fluxes depend on environmental factors including soil 
moisture and oxygen, and on intrinsic physical and chemical properties of the soil itself. The 
responses of soil CO2 fluxes to changes in environmental conditions remain unclear but are critical 
for predictive modelling of carbon fluxes with climate change. The numerous processes involved 
in soil CO2 production and some of their driving factors are reviewed and discussed in Chapter 1 
of this thesis. 
In Chapter 2, I examined the effects of both soil moisture and oxygen on soil CO2 fluxes 
through experimentation and modelling. Soil moisture and oxygen are closely linked: given a 
constant pore volume, gas-filled pore space decreases as the proportion of water-filled pore space 
increases, both of which influence soil aerobic and anaerobic microbial processes. To decouple the 
effects of soil moisture and oxygen, I conducted a factorial batch experiment by incubating an 
agricultural soil collected from the field and adjusted to different moisture contents (30%-100% 
water-filled pore space; WFPS) and under oxic versus anoxic headspaces. Gas fluxes (CO2 and 
methane) and pore water chemistry parameters were measured at the end of the 21-day incubation. 
The results demonstrated that, as expected, CO2 fluxes became moisture-limited at low soil 
moisture and oxygen-limited at high soil moisture; hence, fluxes were maximal at moderate 
moisture content (65% WFPS). Non-zero and, at times, substantial fluxes at 100% saturation and 
under anoxic incubation demonstrated that anaerobic sources contributed to overall CO2 fluxes in 
addition to aerobic respiration. CO2 fluxes under anoxic headspaces were affected by soil moisture 
independently of oxygen availability, with maximum fluxes occurring at 100% saturation. At high 
moisture contents (80% and 100% WFPS), CO2 fluxes in anoxic incubations were 75% to >100% 
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of those in oxic incubations. Methane fluxes, production of low molecular weight organic acids 
and depletion of other electron acceptors indicated that fermentation and methanogenesis were 
likely the main pathways for CO2 production occurring at the end of the anoxic incubation. These 
results demonstrated that anaerobic production of CO2 (via fermentation, methanogenesis and/or 
anaerobic respiration) can be an important source that has been ignored in existing models which 
typically only consider aerobic respiration. A simple formulation for incorporating anaerobic 
sources in existing models was developed. These results highlight that CO2 is produced by a 
collection of soil processes and therefore model development needs to move beyond the simplified 
“soil respiration” representation and incorporate a process-based understanding of greenhouse gas-
emitting processes in soil.  
In Chapter 3, I reviewed the current state of knowledge regarding the effect of soil texture 
on soil CO2 fluxes. While many past studies have investigated the protective effect of clay on soil 
organic matter, I focussed this discussion on the potential interaction between soil texture and soil 
moisture in controlling soil CO2 fluxes. The review identified that, while some studies have 
developed a conceptual framework for making predictions about this possible interaction, very 
few studies have tested these predictions experimentally. As a first step in investigating soil texture 
and soil moisture in a factorial experiment, I conducted another batch experiment where I prepared 
three artificial soils of varying textures (ranging from approximately 7%-20% clay content) and 
incubated soil samples at different moisture contents (ranging from approximately 7%-100% 
WFPS). The measured CO2 fluxes and their relationship with soil moisture were affected by soil 
texture, although the way in which soil moisture was expressed (gravimetric vs. % WFPS) affected 
the functional dependence of the CO2 fluxes on soil texture. More direct experimental data and 
improvements to the experimental methods will be required to advance our process-based 
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understanding of how soil texture and soil moisture affect CO2 fluxes. This process-based 
understanding is prerequisite to the development and validation of models that accurately represent 
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1.1 Soils and the global carbon cycle 
Soils represent the largest active terrestrial reservoir of carbon (C) on Earth, storing upwards 
of 2500 Pg of C in the uppermost 1 metre globally (Eswaran et al., 1993). Approximately 1500 
Pg of this soil C pool is made up of organic C from dead organic matter (OM) in varying degrees 
of decomposition in the soil and on the soil surface (estimates range from 504-3000 Pg, with a 
median of 1460.5 Pg; Lal, 2010; Scharlemann et al., 2014). Carbon storage is a key function of 
soils and the potential for enhanced C sequestration in soils has received increasing attention 
(Wiesmeier et al., 2014), especially for agricultural soils due to the historic depletion of organic 
C in cultivated lands (Lal, 2004; Smith, 2004). Soil OM is also an important indicator of soil health 
and fertility; therefore, stabilizing and maintaining soil OM is critical for food production – 
another key function of soils globally (Doran, 2002). Consequently, the importance of 
understanding the stability of soil organic C cannot be overstated. 
 The exchange of C between soils and the atmosphere represents an important flux in the 
global C cycle. The emission of carbon dioxide (CO2), one form of inorganic carbon, results from 
the decomposition of organic C in soil. Decomposition of OM in soils is a major source of C to 
the atmosphere: global fluxes have been estimated at 75 Pg C yr-1 (Raich and Schlesinger, 1992; 
Raich and Potter, 1995), much larger than estimates of fossil fuel and cement emissions (9.5 Pg C 
yr-1 in 2010; Peters et al., 2012). Losses of C as CO2 from soil are largely balanced by CO2 uptake 
via primary production, with terrestrial ecosystems estimated to be a slight net sink (Figure 1-1; 
Schimel, 1995; Berner and Berner, 2012) . However, due to the magnitude of the annual fluxes 
and relatively short residence time of C in soil, even minor perturbations to this balance could 




Figure 1-1: Box model diagram of the surficial carbon cycle (redrawn from Berner and Berner, 
2012). Reservoir sizes are in Pg C, and fluxes are in Pg C yr-1. Solid arrows represent “natural” 
fluxes while dashed arrows represent anthropogenic fluxes, and reservoir sizes are shown as the 
pre-anthropogenic size plus or minus the reservoir size change caused by humans. Note the closely 
balanced but large magnitude fluxes to and from the soil reservoir.  
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One obvious implication of any change in the size of the atmospheric CO2 reservoir is its 
capacity to warm the planet through the greenhouse effect. The International Panel on Climate 
Change (IPCC) has reported that humans have already caused an increase in global temperatures 
of 1.0°C above pre-industrial levels and will likely reach 1.5°C by the years 2030-2052 (IPCC, 
2018). On average, areas in Canada will continue to experience double the global increase in 
temperatures (Bush and Lemmen, 2019). Though emissions of CO2 (and other greenhouse gases, 
such as methane and nitrous oxide) from soil might be considered as a “natural” process, 
anthropogenic activities impact the magnitude of these fluxes. For example, land management 
practices can affect rates of organic carbon turnover and nitrous oxide emissions from agricultural 
soils (Smith et al., 2008). The effects of climate change may even result in accelerated greenhouse 
gas (GHG) emissions from soil, for example, due to elevated temperatures or changing 
precipitation regimes (Davidson and Janssens, 2006), which would present an alarming positive 
feedback mechanism for global warming. The IPCC has reported that increased CO2 emissions 
from soils due to climate change will outweigh any increased uptake due to CO2 fertilization or 
longer growing seasons; however, the uncertainty of this balance remains a significant obstacle in 
developing carbon budget models (Le Quéré et al., 2009; IPCC, 2019). 
Improving our ability to quantify the emissions of CO2 and other GHGs from soils to the 
atmosphere is critical for accurate budgeting of the global C cycle and predicting future climate 
warming. To accurately predict soil CO2 emissions, we need to have a mechanistic understanding 
of the processes in soil that contribute to CO2 fluxes and their drivers. Decreasing uncertainty 
around global carbon emissions will be necessary moving forward if we are to reach our goals set 
out in the Paris Agreement of 2015 to limit the global increase in temperature to less than 2°C. 
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1.2 Organic matter decomposition processes 
In the global C cycle, soil OM decomposition represents the mineralization of organic C that 
was previously fixed by living plant biomass and which eventually became deposited on or 
incorporated into the soil. The overall process of OM decomposition releases both C and other 
nutrients previously immobilized in biomass and provides energy to organoheterotrophic 
microorganisms through energy-yielding redox reactions. There are numerous and diverse 
processes involved in OM decomposition and the diversity of the soil microbial community has 
been shown to be linked to soil functionality and ecosystems services (Delgado-Baquerizo et al., 
2016). Therefore, improving our understanding of OM decomposition pathways in soil is a key 
first step in managing soil biogeochemical functioning. 
Large, complex plant polymers (e.g., cellulose) in the soil OM are too large for cells to take 
up and metabolize. Therefore, they must first be depolymerized, generally by extracellular 
hydrolytic or oxidase enzymes produced and excreted by soil microbes (Lynd et al., 2002). 
Decomposition of most polymeric compounds in soil OM can be performed by hydrolytic 
enzymes that do not require oxygen (O2), although the role of O2 in controlling hydrolytic enzyme 
activity is still debated (Freeman et al., 2001; Hall et al., 2014). The result of hydrolysis of 
particulate organic carbon (POC) into smaller and smaller molecules is the release of dissolved 
organic carbon (DOC) to the soil water, and there is some evidence that this may be a rate-limiting 
step for the overall decomposition of soil carbon (Bengtson and Bengtsson, 2007). 
1.2.1  Respiration 
The term “soil respiration” is often associated with soil OM decomposition and soil CO2 
fluxes (there were over 500 articles published in the last 5 years with “soil respiration” in the title, 
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Web of Science). There is no clear definition for “soil respiration,” but it is often used to describe 
CO2 emitted from the soil surface. Likely, the CO2-emitting process most commonly being 
referred to in many of these publications is microbial aerobic respiration, which is the oxidation 
of organic carbon using O2 as a terminal electron acceptor (EA), and can be represented using the 
general chemical reaction: 
"CH2O" + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂, (1.1) 
 where “CH2O” is a generalized formula for organic carbon. Stable isotope analysis in a forest 
soil suggested that soil CO2 production was sourced from DOC rather than POC, which is 
consistent with extracellular hydrolysis being required as a first step to make DOC accessible to 
be respired (Bengtson and Bengtsson, 2007). The amount of energy released by this reaction 
depends on the exact form of organic carbon being oxidized (LaRowe and Van Cappellen, 2011). 
However, using O2 as the terminal EA will generally result in greater energy released than using 
an alternative EA (e.g., sulfate); therefore, O2 is thermodynamically the most favourable EA and 
the first to be used by organoheterotrophs.  
Cellular respiration refers to a series of metabolic pathways in the cell which begins with 
glycolysis and eventually results in the oxidation of OM, production of adenosine triphosphate 
(ATP) and inorganic carbon, and the reduction of a terminal EA following reactions via an electron 
transport chain (Alberts et al., 2008). When O2 is not locally available, other EAs found in the 
environment can be used as the terminal EA in electron transport chains. A well-established 
cascading order of the favourability of paired reactions using various EAs exists, known as the 
thermodynamic redox ladder (Froelich et al., 1979). For the oxidation of a given organic 
compound, EAs lower on the ladder are less thermodynamically favourable to serve as the oxidant 
and their reduction is generally inhibited by the availability of EAs higher on the ladder (LaRowe 
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and Van Cappellen, 2011). In one form of anaerobic respiration, denitrifiers oxidize organic 
carbon and reduce nitrogen in nitrate (NO3
-), producing nitrogen gas, as well as nitrous oxide 
(N2O) as an intermediate, which is a potent greenhouse gas (Richardson et al., 2009). Other EAs 
that can be reduced in anaerobic respiration pathways include manganese, iron, sulfate, and CO2 
(though the exact metabolic pathways will differ). Therefore, if EAs are present and available in 
the soil environment, respiration pathways using some form of an electron transport chain may be 
used by the soil community (Figure 1-2). 
 
Figure 1-2: Variety of soil processes and metabolisms that may be described by the term “soil 
respiration” and involve the decomposition of organic matter. Aerobic respiration consumes O2 
and produces inorganic carbon (i.e., CO2). Anaerobic processes can include anaerobic respiration, 
which consumes other EAs and produces CO2 (and some other gases, such as N2O), fermentation, 
or methanogenesis, which produces CH4 in addition to CO2. Note that plants act as conduits for 
gas exchange between soil and the atmosphere (not shown). 
1.2.2  Fermentation and methanogenesis 
Fermentation is another metabolic pathway used in the decomposition of soil OM. In 
general, a reaction in which an organic compound is transformed into one or multiple other organic 
compounds, and which does not involve the reduction of an inorganic electron acceptor, is referred 
to as fermentation (LaRowe and Amend, 2019). In fermentation, organisms may proceed with 
ATP production via glycolysis only (i.e., without an electron transport chain). In this case, NAD+, 
a molecule that accepts electrons during glycolysis, is reduced to NADH and needs to be 
regenerated in order to continue acting as an EA in glycolysis (Alberts et al., 2008). This requires 
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NADH to be oxidized to NAD+ by reducing an organic compound – this is a form of fermentation. 
In natural settings, there are countless reactants that can be fermented and a great number of 
compounds that are products of fermentation, and therefore, fermenters carry out a diverse 
collection of reactions which makes fermentation a challenging process to characterize (LaRowe 
and Amend, 2019).  
Fermentation is a multi-step process involving the primary fermentation of monomers (e.g., 
glucose) to primary products (e.g., alcohols, fatty acids), which then undergo secondary 
fermentation to low molecular weight organic acids (e.g., acetate) (Megonigal et al., 2004). 
Although fermentation itself yields little energy compared to respiration, it is a key step in 
anaerobic mineralization of organic carbon since many non-fermentative organisms rely on the 
products of fermentation as substrates for anaerobic respiration (Megonigal et al., 2004). The fact 
that the hydrolysis of polymers and fermentation of monomers precede respiration pathways in 
the decomposition of OM is consistent with the findings that the supply of labile substrates 
controls the overall rates of OM decomposition (Bengtson and Bengtsson, 2007). Conversely, the 
presence of EAs then controls the relative contribution of different metabolisms (Schlesinger and 
Bernhardt, 2013). 
If sufficient OM is present in the system, EAs could become entirely exhausted through 
respiration processes such as denitrification, iron and manganese reduction, sulfate reduction, and 
even the reduction of humic substances that can act as EAs (Lovley et al., 1996). Methanogenesis 
can occur when the electron accepting capacity of the system is entirely depleted (Gao et al., 
2019). In hydrogenotrophic methanogenesis, CO2 is reduced and H2 is oxidized, producing 
methane (CH4). In acetoclastic methanogenesis (also called acetate fermentation), acetate 
undergoes the following disproportionation reaction: 
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𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶𝑂2 + 𝐶𝐻4. (1.2) 
Despite the 1:1 ratio of CO2 and CH4 produced during fermentative methanogenesis, the net rates 
of CH4 production in soil are generally lower than those of CO2 due to some degree of suppression 
of methanogenesis by the presence of EAs (both inorganic and organic), and the continuing 
production of CO2 in respiration reactions (Knorr et al., 2009). Even in EA-limited environments 
where methanogenesis is permitted, effluxes of CH4 may be limited due to its consumption in CH4 
oxidation in oxic upper layers of the soil or rhizosphere (Segers, 1998). However, CH4 emissions 
from low O2 environments, such as water-logged soils, are still a major concern since CH4 has a 
higher capacity than CO2 to contribute to global warming (approximately 25 times more global 
warming potential than CO2 over 100 years; Forster et al., 2007). 
1.3 Factors influencing organic matter decomposition in soil 
1.3.1  Environmental factors 
Soil moisture is a key factor controlling soil OM mineralization and resulting fluxes of 
GHGs. Aerobic soil respiration has been known to be maximal at mid-range soil moisture contents 
(Linn and Doran, 1984). At low moisture contents, microbial activity is limited by the diffusion 
of substrates and may also be affected by limited cell mobility (Schjønning et al., 2003; Or et al., 
2007; Manzoni et al., 2011). Microbial processes at low soil moisture are also influenced by the 
cell stress response: cells must expend energy producing osmolytes to balance their water potential 
with that of their environment to avoid dehydration (Schimel et al., 2007). Microbial communities 
and species interactions can be affected by low moisture due to less pore connectivity and greater 
isolation at low moisture contents (Treves et al., 2003). Conversely, aerobic soil respiration is 
limited at high soil moisture contents by the diffusion of O2 (Skopp et al., 1990). The balance of 
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the opposing influences of moisture and O2 limitations result in the optimization of aerobic 
respiration at moderate soil moisture content (Figure 1-3).  
 
Figure 1-3: Classical representation of the effect of soil moisture on soil CO2 fluxes. Top panel 
shows the relative diffusion of soluble substrates (green) and of O2 (purple) and the resulting 
relative CO2 fluxes according to the level of soil moisture. In a bottom panel, a schematic diagram 
shows the conditions under different levels of saturation (A, low soil moisture; B, moderate soil 
moisture; C, high soil moisture). Figure redrawn and modified from Moyano et al. (2013). 
Since soil moisture and O2 are closely linked, few studies have attempted to investigate these 
two factors separately, and the extent to which specific mechanisms influence CO2 fluxes remains 
unclear. The relationship between moisture content, O2 and CO2 fluxes described above has long 
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been assumed but rarely validated experimentally. A recent study by Sierra et al. (2017) separated 
these factors’ effects using a factorial experiment. Their results suggested that O2 limitation is the 
main driver for low CO2 fluxes at high soil moisture. Another study by McNicol and Silver (2014) 
demonstrated that both saturation and an anoxic headspace resulted in lower CO2 fluxes from 
incubated soil samples than the control with moderate soil moisture and an oxic headspace. Their 
study also showed that under anoxic headspaces, saturation increased both anaerobic CO2 
production and CH4 emissions compared to undersaturated soil, suggesting that soil moisture can 
influence C mineralization rates independently of O2 availability.  
Although the focus of many soil respiration studies has been aerobic respiration, 
investigating soil processes under anoxic conditions can be useful in achieving a greater 
understanding of O2 and moisture effects on soil processes. A biodegradation study by Hack et al. 
(2015) confirmed that biodegradation rates of phenol and salicylic acid were higher under oxic 
than anoxic conditions. However, they additionally found that the relationship between 
decomposition rates and moisture content was different under oxic versus anoxic conditions. Oxic 
conditions resulted in the peak in fluxes at moderate moisture described above, but the anoxic 
conditions resulted in decomposition rates that increased with moisture and did not decrease at the 
highest moisture contents. This was possibly because the EA in this case (such as nitrate, for 
example, rather than O2) was not limited by low gas diffusion at high soil moisture content. The 
mechanisms controlling soil processes under different levels of moisture still need more 
investigation under both oxic and anoxic incubation conditions. 
Soil temperature is another major factor influencing soil microbial activity and CO2 fluxes. 
Many soil biological processes have demonstrated strong temperature dependencies, with rates 
increasing with temperature up to an optimal level, and decreasing as temperature increases further 
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due to enzyme denaturation or thermodynamic limitations (Schipper et al., 2014). In addition to 
influencing reaction rates directly, temperature can also affect rates indirectly, for example, by 
influencing the diffusion of substrates (Moyano et al., 2013). Temperature has been known to 
interact with other factors such as soil moisture and O2 influencing CO2 fluxes, and the temperature 
sensitivity of soil respiration can be variable across ecosystems and conditions (Davidson et al., 
1998; Sierra et al., 2017). For example, multiple studies have observed that a soil moisture 
threshold exists below which temperature ceases to be the dominant factor controlling CO2 fluxes 
(Lellei-Kovács et al., 2011; Chang et al., 2014). Therefore, soil CO2 fluxes can depend on multiple 
factors and further research into their interactions is needed to identify which factors dominate 
under different environmental conditions.  
1.3.2  Intrinsic factors 
Factors inherent to the soil can also influence the rates of OM decomposition. In addition to 
the amount of OM available, one inherent property is the energetic, chemical and physical quality 
in terms of ease of decomposition and energy yielded by decomposition (i.e., lability versus 
recalcitrance) of the soil OM substrate itself. The intrinsic quality of organic carbon substrates has 
previously been described by various indices, such as the carbon to nitrogen ratio (C:N), and some 
studies have conceptualized a thermodynamic basis for differences in substrate quality (Bosatta 
and Ågren, 1999; LaRowe and Van Cappellen, 2011). The importance of substrate quality was 
also demonstrated in a study by Jagadamma et al. (2014) which showed that the chemistry of 
added substrates not only affected the mineralization rates of the added substrate, but also of the 
native soil OM present. This so-called “priming” effect has also been observed when highly labile 
root exudate substrates enhance the bulk soil OM decomposition rates (Bengtson et al., 2012). In 
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addition to the priming effect by labile substrates, nutrient enrichment can also enhance OM 
decomposition in soil (Hartley et al., 2010). 
Recently, the assumption that intrinsic chemical recalcitrance alone can explain OM 
stabilization in soil has changed to consider that some other physical or chemical mechanisms are 
involved in protecting OM from microbial decomposition (Lützow et al., 2006). One physical soil 
property that may influence rates of C decomposition is soil texture. Clay content in soil has been 
hypothesized to influence the protection of OM from decomposition (Hassink, 1997). Small-sized 
particles in soil could protect OM from decomposition directly, through chemical associations 
with clay and silt particles, or indirectly, through physical protection inside aggregates, since 
texture can affect aggregate formation and stability (Six et al., 2002). In their analysis, Six et al. 
(2002) summarized that OM stabilization in soil can be influenced by clay and silt content, clay 
type (2:1 vs. 1:1) and clay and silt size ranges. Previous studies have investigated the effect of clay 
mineralogy on the stabilization of OM in soil (Pronk et al., 2013; Barré et al., 2014). In studies 
that used and developed models to predict OM decomposition (e.g., RothC, Century and 
CORPSE), clay content has been included as a parameter influencing the protection of soil OM 
from decomposition (Parton et al., 1983; Coleman et al., 1997; Sulman et al., 2014). However, 
the protective effect of soil clay (or clay + silt) content can be difficult to model mechanistically 
since many different direct and indirect effects are involved (Plante et al., 2006). 
While many studies have looked at the stabilizing effect of clay content on soil OM, few 
studies have considered the combined influences of soil texture and soil moisture on OM 
decomposition. Several modelling efforts have included parameters for soil texture and have 
hypothesized an interactive effect between soil moisture and texture, namely that soil texture will 
influence the position of the peak or the shape of the curve for the relationship between CO2 fluxes 
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and moisture (Moyano et al., 2013; Ghezzehei et al., 2019; Tang and Riley, 2019). However, very 
little direct experimental evidence exists to test the hypotheses put forward in these modelling 
studies. Currently, these models can be validated with large data syntheses using data collected 
from a wide range of soil types (e.g., Moyano et al., 2012), which, while useful in identifying 
patterns at this scale, are ill-equipped to test hypotheses about the mechanisms involved in these 
relationships. Tightly controlled experiments where soil texture and soil moisture can be 
manipulated are needed to isolate the effects of these factors. 
1.4 Climate change impacts on soil processes 
Climate change is significantly altering the hydrological cycle, which influences soil 
moisture conditions in many regions. Although global models disagree on whether precipitation 
totals will increase or decrease, there is agreement that precipitation events are becoming more 
extreme, including in southern Ontario (Deng et al., 2016; Donat et al., 2016). Increases in extreme 
precipitation will mean that more of the total rainfall will occur as heavy precipitation during 
extreme events with longer intervening periods of dryness (Easterling, 2000). These changes to 
precipitation patterns and resulting changes in soil moisture regimes may affect microbial activity 
in soil (Poll et al., 2013). A study by Harper et al. (2005) showed that seasonal mean CO2 fluxes 
decreased with a decrease in total rainfall amounts, and with longer intervening dry periods 
between rainfall events. Therefore, whether climate change has an impact on precipitation 
amounts or on precipitation timing and intensity, soil CO2 emissions will likely be affected. In 
addition to precipitation changes, thawing of permafrost could alter hydrologic conditions 
resulting in greater soil drainage and changes in soil moisture and O2 conditions and thus, changes 
to CO2 and CH4 emissions (Lawrence et al., 2015).  
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The potential impacts of climate change-induced changes to soil temperature regimes on soil 
OM decomposition and resulting GHG emissions remain uncertain. The future impacts of 
increased temperature on soil CO2 emissions have been debated in the literature for years, with 
some arguing that rising temperatures will accelerate soil CO2 emissions (Davidson et al., 2000; 
Hartley et al., 2008) and others suggesting that soil C is tolerant to changes in temperature 
(Giardina and Ryan, 2000). The sensitivity of soil organic C to rising temperatures is difficult to 
characterize and predict, but it would be highly concerning if there is a net positive feedback 
(Davidson and Janssens, 2006). A recent study has already shown that warming in northern 
regions has caused permafrost soils to emit more CO2 in the winter than they take up in the growing 
season (Natali et al., 2019). Reducing the uncertainty in our predictions of future soil CO2 
emissions will require more experimental, field, and model assessments of the sensitivity of soil 
OM stabilization and decomposition to environmental change. 
1.5 Thesis objectives 
The overall objective of this thesis was to advance the process-based understanding of how 
soil moisture affects organic C decomposition rates in soil by quantifying and considering the 
production (and emission) of CO2 and CH4. The specific objectives for Chapter 2 of this thesis 
were to: 
1) Experimentally validate the previous assumption that the optimization of CO2 fluxes at 
moderate soil moisture results from the minimization of the combined limitation effects 
of soil moisture and O2, 
2) Develop a model for predicting soil CO2 fluxes as a function of soil moisture that 
explicitly accounts for the contribution of anaerobic sources to total CO2 production. 
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The specific objectives for Chapter 3 of this thesis were to: 
3) Summarize the current understanding of the effects of soil texture on soil OM 
decomposition and its interaction with soil moisture, including existing models that 
provide a framework to test hypotheses regarding these potential effects, 
4) Develop an experimental method for examining the effects of both soil texture and soil 
moisture on CO2 fluxes and present results from a factorial batch experiment. 
1.6 Thesis outline 
This thesis consists of four chapters. Chapter 1 includes the general introduction and 
literature review on soil OM as an important global C reservoir, the processes involved in OM 
decomposition and their drivers. Chapter 2 consists of a co-authored manuscript of which I am the 
first author and which will be modified and submitted to Proceedings of the National Academy of 
Sciences of the United States of America (PNAS; impact factor: 9.58). Thus, it was written as a 
stand-alone document but has been modified slightly to be consistent with formatting and 
numbering of sections, figures and equations. The chapter describes a factorial batch experiment 
examining the separate effects of soil moisture and O2 on CO2 fluxes. Chapter 3 consists of a short 
literature review about the role of soil texture in the relationship between soil moisture and CO2 
fluxes and it discusses the results of a factorial batch experiment. Chapter 4 consists of overall 
conclusions, recommendations and future research opportunities. Following Chapter 4 is the 
reference list and appendix. The appendix includes additional experimental results that were not 
included in Chapter 2. Since Chapter 2 does not describe the materials and methods used for some 
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2 Representing the relationship between soil CO2 fluxes and soil 
moisture: Anaerobic sources explain fluxes at high moisture content 
2.1 Introduction 
The efflux of carbon dioxide (CO2) from soils represents a massive component of the global 
carbon (C) cycle (Raich and Schlesinger, 1992), where annual effluxes have been estimated at 75 
Pg C yr-1 (Schlesinger, 1977; Raich and Potter, 1995), much greater than emissions from 
anthropogenic sources such as fossil fuel use and cement production (9.5 Pg C yr-1 in 2010; Peters 
et al., 2013). Losses of C from terrestrial ecosystems are largely balanced by uptake through 
primary production (previous studies have suggested a slight net sink; Schimel, 1995), but there 
is concern that, due to the magnitude of these annual fluxes, even relatively minor perturbations 
to this balance would have a major impact on atmospheric CO2 levels. Soil CO2 fluxes are affected 
by environmental factors such as soil temperature and moisture, and there is currently great interest 
in understanding the responses of soil CO2 fluxes to changes in these factors due to current and 
future climates (Orchard and Cook, 1983; Lloyd and Taylor, 1994; Davidson and Janssens, 2006; 
Singh et al., 2010).  
Soil moisture has been recognized as a key factor controlling soil CO2 fluxes, which are 
known to be maximal at moderate soil moisture contents (Figure 1-3; Linn and Doran, 1984; 
Moyano et al., 2012). At low soil moisture, CO2 fluxes are limited by the diffusion of organic 
carbon substrates and by physiological stress to the cells (Schjønning et al., 2003; Or et al., 2007; 
Manzoni et al., 2011) and at high soil moisture, aerobic respiration is limited by the diffusive flux 
of O2 (Skopp et al., 1990). These opposing influences of moisture and O2 result in the peak in CO2 
fluxes at moderate soil moisture. Though soil moisture and O2 are known to be linked and both 
influence soil microbial activity, few efforts have been made to examine the effects of these two 
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factors separately (McNicol and Silver, 2014; Sierra et al., 2017), and the extent to which specific 
mechanisms influence CO2 fluxes remains unclear. 
Many existing models consider the influence of soil moisture on rates of CO2 fluxes. Some 
soil moisture functions describe the balance between organic C substrate and O2 diffusion 
limitations using dual Michaelis-Menten kinetics (Davidson et al., 2012; Moyano et al., 2013) or 
some other co-limited relationship (Yan et al., 2018). The development of these models has been 
focused towards a conceptual understanding of the coupled effects of soil moisture and O2 on 
aerobic soil respiration. However, most do not consider the contributions of anaerobic processes 
to CO2 fluxes. Soil anaerobiosis is a common feature of wetland soils, but O2 depletion can also 
persist in upland soils (Silver et al., 1999; Brewer et al., 2018). Soil O2 can vary both spatially, 
such as within soil aggregates (Sexstone et al., 1985; Pallud et al., 2010) and particulate organic 
matter (Parkin, 1987), and temporally, such as following intense precipitation (Schuur and 
Matson, 2001). A discrepancy exists currently between models that predict zero CO2 fluxes under 
saturated conditions due to the absence of O2 (Figure 1-3) and data sets that show non-zero fluxes 
at saturation (e.g., Moyano et al., 2012). Therefore, by ignoring anaerobic sources of CO2, existing 
soil CO2 flux models lack a comprehensive understanding of the controls of anaerobic processes 
on soil C decomposition. 
In this study, our objective was to perform a series of soil incubation experiments where the 
CO2 fluxes were measured from soil samples of different moisture contents under both oxic and 
anoxic headspace incubations. The factorial nature of this experimental design allowed us to 
decouple the effects of these two factors which was useful to better understand the mechanisms 
involved, and to validate a long-standing assumption about the effects of soil moisture on soil CO2 
fluxes. Our hypothesis was that CO2 fluxes would follow the above described trend (the peak in 
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CO2 fluxes at moderate soil moisture) in the oxic conditions; but, in the anoxic conditions, fluxes 
would be maximal at the highest soil moisture since O2 was absent and thus its availability would 
not be influenced by increasing soil moisture. In addition to monitoring CO2 fluxes, we also 
measured methane (CH4) fluxes and characterized the soil pore water chemistry to get a better 
understanding of the microbial processes occurring. The results highlight the contribution of 
anaerobic processes to soil CO2 fluxes and how considering these sources helps explain the 
observed relationship of soil CO2 fluxes with soil moisture. 
2.2 Materials and methods 
2.2.1 Soil collection and preparation 
An agricultural soil was chosen for the incubation experiments. The CO2 fluxes from 
agricultural soils have received relatively little attention, despite agricultural lands occupying 
approximately 40% of global land area (Foley et al., 2005), the potential for increased C 
sequestration through management practices (Paustian et al., 2000), and the implications of soil 
organic matter (OM) turnover for soil health (Doran, 2002). Soil was collected from an agricultural 
field at the rare Charitable Research Reserve (www.raresites.org) located in Cambridge, Ontario, 
Canada (Figure 2-1; 43°22'39.80"N, 80°22'07.28"W). The field was planted in soy for the 
preceding season and had not yet been harvested at the time of soil sampling in late summer. In 




Figure 2-1: Map of rare Charitable Research Reserve in Cambridge, Ontario. Soil was collected 
from the Middle Field and the location of sampling is marked by a star. In 2018, this field was 
planted in soy. Map courtesy of rare. 
Soil was sampled to a depth of approximately 15 cm and then sieved to 4 mm and air dried. 
Homogenized soil samples were used to determine moisture content (θ), porosity (ϕ), bulk density 
(ρb), particle size distribution and solid-phase chemical compositions using standard procedures. 
Measurements of θ , ϕ , and ρb were determined gravimetrically following the method of Gardner 
(1986), based on the sample volume, the sample saturated mass and the oven-dried (24 h at 105°C) 
mass and ϕ was calculated assuming a particle density of 2.65 g/cm3. Values of ρb and ϕ were 1.22 
g cm−3 and 0.54, respectively. Particle size distribution was analyzed using the pipette method 
(Gee and Bauder, 1986). Sand, silt and clay fractions were 49%, 39% and 12%, respectively. Total 
organic and inorganic carbon and total nitrogen in the soil sample were measured on a CHNS 
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Carbo Erba analyzer (method detection limit, MDL: 0.1 mg g−1) and were determined as 17.2, 1.3 
and 1.6 mg g−1, respectively. 
Allocations of 300 g of homogenized and air-dried soil were prepared in 500 mL glass jars 
and the soil surface area was approximately 35 cm2. Moisture content was adjusted with water 
prepared to closely match the pH, electrical conductivity and ionic composition of groundwater 
from the field site containing NaHCO3
 (0.37 mM), KCl (0.02 mM), CaCl2 (1.75 mM), MgCl2 (1.15 
mM), and CaSO4 (0.2 mM) in ultrapure deionized water. This artificial water was used to minimize 
disturbances to the native microbial community upon large changes in soil moisture due to osmotic 
or pH shock (Killham, 1985; Halverson et al., 2000). The soil moisture levels were achieved by 
adding 0, 20, 40, 60 or 80 mL of the artificial water to soil and homogenizing the sample, 
corresponding to moisture levels of approximately 30%, 45%, 65%, 80% and 100% water-filled 
pore space (WFPS), respectively (Figure 2-2). Moisture content as the percentage WFPS was 
calculated using the calculated soil porosity and the amount of water added plus residual water 
present in the air-dried soil. 
2.2.2 Incubation experiment 
The treatments included five moisture contents, two oxygen conditions, and all were 
prepared in triplicate (5 × 2 × 3 = 30 samples in total). One additional sample of each of the five 
moisture contents was prepared and sacrificed for initial pore water analyses at the beginning of 
the experiment. Incubations began once the soil moisture had been adjusted; half of the thirty soil 
samples were incubated in an anaerobic chamber (nitrogen gas with <0.1% O2 and between 1 and 
2.5% hydrogen) at 25 ± 2°C and half in an incubator (Innova® 42 Incubator Shaker, New 
Brunswick ScientificTM) set at 25°C. Soil samples in the incubator thus had oxic headspaces 
(hereafter referred to as oxic samples, though O2 status of these soil samples depended on the 
22 
 
moisture content), while soil samples incubated in the anaerobic chamber had anoxic headspaces 
(hereafter referred to as anoxic samples).  
Except during the gas flux measurements, the jars were left open during the entirety of the 
incubation period. Since humidity control was not available, samples in the incubator had to be 
contained in a partially opened plastic bag containing a soaked sponge to minimize evaporation 
while still allowing adequate air exchange. Regardless, the moisture contents of all soil samples 
were maintained by monitoring the weight and replacing any water lost to evaporation by misting 
the soil each day with MilliQ water equilibrated with either the atmosphere or with the nitrogen 
atmosphere of the anaerobic chamber (daily evaporative losses were typically between 1 and 3 
mL). Soil samples were incubated in these conditions for a period of 21 days.  
For all 30 soil samples, flux measurements of CO2, CH4 and N2O and headspace O2 
concentrations were measured following the 21-day incubation. Prior to the end of the incubation, 
gas fluxes were measured intermittently to confirm that the CO2 fluxes has reached relatively 
stable rates. Following the gas flux measurements, all soil samples were sub-sampled for pore 
water chemistry analyses (see section 2.2.3). Pore water was extracted and analyzed for dissolved 
organic carbon (DOC), dissolved inorganic carbon (DIC), major anions, organic acids, pH and 
electrical conductivity (EC). Subsamples of soil were also extracted with 0.5 M potassium sulfate 
(K2SO4) and analyzed for DOC and DIC. Analyses were performed on both the final soil samples 




Figure 2-2: Photos of (A) five different soil moisture levels (increasing from left to right) and of 
(B) headspace gas sampling of sample jars in an anaerobic chamber. 
2.2.3 Analytical methods 
Gas flux measurements 
Gas fluxes in the headspace of the jars were measured by closing the headspaces for 30 
minutes using lids fitted with ports for gas sampling. The headspace gases were sampled before 
and after the closed incubation and the gas samples were analyzed for concentrations of CO2, CH4, 
N2O and O2. Gas concentrations were measured using a Shimadzu Gas Chromatograph (Model 
GC-2014) equipped with a flame ionization detector and methanizer (for CO2 and CH4), electron 
capture detector (for N2O) and thermal conductivity detector (for O2). The gas fluxes (Fgas, nmol 
cm-3 soil hr-1) were obtained from the rate at which the headspace gas concentration increased 
after closure and were calculated by: 




where ΔCgas is the change in gas concentration over the closed incubation period (µmol mol
-1), V 
is the volume of the headspace (L), R is the gas constant (0.082057 L atm K-1 mol-1), T is the 
temperature (˚K), Δt is the time of the closed incubation (hr), and Vsoil is the volume of the soil 
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sample (cm3; soil dry mass × bulk density). O2 concentrations as percent were measured to confirm 
anoxic headspaces in the anoxic samples. 
Pore water geochemistry 
For pore water geochemical analyses, a portion of each soil sample was centrifuged at 5000 
rpm for 30 minutes and the supernatant pore water filtered through a 0.45 µm membrane filter 
(polypropylene syringe filters, VWR). Pore water could only be extracted for soil samples of 65%, 
80% and 100% moisture contents, since the lower moisture contents (30% and 45%) were too dry. 
Filtered pore water was analyzed for pH and EC using handheld meters (LAQUA Twin meters, 
model Horiba B-213). Pore water concentrations of DOC (MDL 6 µmol/L) in filtered pore water 
samples that had been acidified to pH <3 using 1M HCl were measured using a total organic 
carbon analyzer (Shimadzu TOC-LCPH/CPN). Non-acidified samples were also analyzed for DIC 
(MDL 3 µmol/L) using the same analyzer. Approximately 1 mL of pore water was filtered through 
a 0.2 μm membrane filter (Thermo Scientific Polysulfone filter) and frozen for later analysis of 
major anions including chloride (Cl-), nitrate (NO3
-) and sulfate (SO4
2-) using ion chromatography 
(IC, Dionex ICS-5000 with a capillary IonPac® AS18 column; MDL 0.076, 0.050, and 0.127 
mg/L, respectively). These pore water samples were also analyzed using an analytical column for 
the following low molecular weight organic acids: acetate (MDL in mg/L: 0.057), lactate (0.036), 
propionate (0.060), formate (0.066), butyrate (0.059), pyruvate (0.062), succinate (0.063) and 
citrate (0.343). 
In addition to the direct pore water extraction by centrifugation, soil samples of all soil 
moisture contents were also characterized using the K2SO4 extraction method (Wang et al., 2003; 
Makarov et al., 2013). In this method, 5 g bulk soil were extracted in 25 mL 0.5 M K2SO4 in a 
tube rotator for 30 minutes, then centrifuged at 3500 rpm for 15 minutes, filtered through a 0.45 
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µm membrane filter (polypropylene syringe filters, VWR) and analyzed for DOC and DIC using 
the analytical methods described above.  
2.2.4 Model description and calibration 
The CO2 flux data in both oxic and anoxic incubations was simulated using a model that 
describes the total CO2 flux from soil (RCO2) as the sum of aerobic respiration (ROx) and anaerobic 
(RAn) production of CO2: 
𝑅𝐶𝑂2 = 𝑅𝑂𝑥 + 𝑅𝐴𝑛. (2.2) 
Aerobic respiration of dissolved organic carbon is represented using mixed dual Michaelis-Menten 
kinetics and depends on both the availability of the DOC and O2, similarly to the DAMM model 







where Vmax,Ox is the maximum conversion rate of aerobic respiration, DOCav and O2,liq are the 
concentrations of DOC substrate and O2 available at the reaction site, and Kc,Ox and Ko are the half-
saturation constants for DOC and O2 for aerobic respiration, respectively.  
Available DOC (DOCav, µmol cm
-3 soil) and O2 (O2,liq) are estimated using relationships 
from the DAMM model which are functions of the water and air-filled pore space, respectively: 
𝐷𝑂𝐶𝑎𝑣 = 𝐷𝑙[𝐷𝑂𝐶]𝜃
𝑛, (2.4) 
𝑂2,𝑙𝑖𝑞 = 0.209𝐷𝑔(𝜙 − 𝜃)
4
3⁄ , (2.5) 
where [DOC] represents the DOC concentration in the soil water, Dl and Dg are dimensionless 
diffusion coefficients for aqueous and gas, respectively, n is an empirical parameter relating the 
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amount of available DOC to the amount dissolved, and 0.209 is the volumetric fraction of O2 in 
air (L L-1). Volumetric water content, θ, is calculated as: 
𝜃 = 𝜃𝑠𝜙 + 𝜃𝑟(1 − 𝜃𝑠), (2.6) 
where θs is the water saturation (WFPS) and θr is the residual water content, the value of which 
was assumed insignificant in this study. Air-filled porosity is represented as porosity minus the 
volumetric water content (ϕ – θ). 
In addition to aerobic respiration, this model also considers anaerobic sources of CO2 and 







where Vmax,An is the maximum conversion rate, kc,An is the half-saturation constant for this reaction 
and kin is an inhibition coefficient for the inhibitory effect of O2 on anaerobic reactions. Which 
anaerobic processes are theoretically included in this term and the decision to lump all anaerobic 
processes into one term is further discussed in sections 2.4.2 and 2.4.3. 
In the oxic incubations, CO2 fluxes can result from both aerobic and anaerobic production, 
and the contribution of each depends on the moisture content. Substituting Eqs. (2.3) – (2.5) and 








𝑘𝑜 + 0.209𝐷𝑔(𝜙 − 𝜃)
4
3⁄












In the anoxic incubations, however, only anaerobic production of CO2 can occur. Therefore, the 






since in the absence of O2, ROx equals zero and the inhibition term in RAn approaches 1. 
Values for unknown parameters Vmax,Ox, Vmax,An, ko, kc,An, nOx and nAn for our system were estimated 
by simultaneously fitting the oxic CO2 flux data to Eq. (2.8) and the anoxic CO2 flux data to Eq. 
(2.9).  The fitting procedure was done by ReKinSim (Gharasoo et al., 2017) and the 95% error 
bounds were calculated from the covariance matrix in the manner analogous to previous 
applications of ReKinSim (Ehrl et al., 2018; Marozava et al., 2019). 
Due to the logistic limitations on the number of gas flux measurements that could be 
performed in this experiment, the number of CO2 flux data points is limited to ten (5 moisture 
contents, 2 O2 conditions). To avoid problems with parameter equifinality, measured or literature 
values were assumed for all other parameters wherever possible (Table 2.1). Additionally, we used 
a piecewise cubic-hermite interpolating technique (Fritsch and Carlson, 1980) to increase the 
number of data points. This improved the quality of the fitting and greatly reduced the estimated 
parameters’ uncertainty ranges.  
Table 2.1: Parameter values derived from measurements, calculations or literature values 
Parameter Value 
Porosity (ϕ) 0.54m 
Residual water content (θr) 0 
Dissolved organic carbon in oxic incubation ([DOC]Ox) 1.99 µmol cm
-3 soilm 
Dissolved organic carbon in anoxic incubation ([DOC]An) 28.26 µmol cm
-3 soilm 
Dimensionless diffusion coefficient of solute (Dl) 3.17
1 
Dimensionless diffusion coefficient of oxygen (Dg) 1.67
1 
Half saturation constant for DOC for aerobic (kc,Ox) 0.0829 µmol cm
-3 soil1 
Oxygen inhibition coefficient for anaerobic reaction (kin) 0.02 µmol cm
-3 soil2 




2.3.1 Gas fluxes 
The average O2 concentration during gas flux measurements was 21.0% ± 0.1% SD for the 
oxic incubations and 0.1% ± 0.01% SD (MDL 0.05%) for the anoxic incubations, confirming the 
virtual absence of O2 in the headspaces of the anoxically incubated samples. Though the 
magnitude of CO2 fluxes varied slightly with minor temperature fluctuations over time, overall 
relationships between soil moisture and CO2 fluxes (e.g., at which moisture content peak fluxes 
occurred) observed at the end of the experiment for both the oxic and anoxic incubations were 
unchanged from those observed earlier in the incubations. Therefore, only the final CO2 flux 
measurements have been reported (mean ± standard deviation, n=3). CH4 fluxes were more 
dynamic and therefore some earlier methane measurements have been reported which are needed 
to understand the development of methanogenic conditions. CO2 fluxes (Figure 2-3) were maximal 
in the 65% WFPS samples under oxic conditions (31.2 ± 1.5 nmol cm-3 soil hr-1) and decreased 
with moisture content towards both the low (30% WFPS) and high (100%) moisture contents. 
Under anoxic conditions, CO2 fluxes increased with moisture content up to a maximum at 100% 
WFPS (21.8 ± 2.2 nmol cm-3 soil hr-1), which was similar in magnitude to the 100% WFPS samples 
under oxic headspace conditions.  
The fluxes of CH4 were not measurable or were close to zero (0.06-0.17 nmol cm
-3 soil hr-1) 
in the oxic samples (Figure 2-4). In the anoxic samples, CH4 fluxes were close to zero (0.04-0.12 
nmol cm-3 soil hr-1) at 30% and 45% WFPS, but started to increase slightly around 65% WFPS 
samples and then drastically increased to a maximum (21.0 ± 0.8 nmol cm-3 soil hr-1) at 100% 
WFPS, very close to the molar flux of CO2 from the same soil samples. Unlike the CO2 fluxes, 
CH4 fluxes were dynamic over time. About 1 week before the final measurements, measured CH4 
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fluxes in the anoxic incubations were much lower, reaching a maximum of 1.0 nmol cm-3 soil hr-1 
at 100% WFPS, and <0.6 nmol cm-3 soil hr-1 about 2 weeks before. Nitrous oxide (N2O) 
concentrations were not detected in the headspaces of the anoxic samples, and although small 
concentrations were measured in the oxic samples (~0.5 ppm), no fluxes were measurable. 
 
Figure 2-3: Measured CO2 effluxes at the end of the incubations for oxic (blue circles) and anoxic 
(red circles) soil samples at different moisture contents with standard deviation (n=3). Oxic data 
fit with model combining aerobic and anaerobic processes (solid blue line) and anoxic data fit with 
model including only anaerobic processes (solid red line). Aerobic (dashed blue line) and 





Figure 2-4: Measured CH4 effluxes at the end of the 21-day incubations for oxic (blue circles) 
and anoxic (red circles) soil samples at different moisture contents with standard deviation (n=3, 
*n=2). Two previous timepoints for CH4 flux measurements in the anoxic incubation are shown 
in the inset graph (note the smaller scale). Red squares show fluxes approximately 1 week prior to 
the final measurements (i.e. 13 days after beginning the incubation), and red triangles show fluxes 
approximately 2 weeks prior to the final measurements (i.e. 5 days after beginning the incubation). 
2.3.2 Pore water geochemistry 
As noted in section 2.2.3, the pore water could not be extracted from samples of 30% and 
45% WFPS and therefore the following pore water data refers only to samples of 65%, 80% and 
100% WFPS. Concentrations are expressed per gram of bulk soil as a mean plus or minus standard 
deviation, or as a range among the 65%-100% WFPS samples. Pore water pH ranged from 7.1-
7.4 in the initial samples and was not significantly different between oxic samples (range 7.0-7.5) 
and anoxic samples (7.0-7.2) (p>0.05, independent samples t-test) at the end of the incubation. 
Pore water EC was 0.9-1.1 mS/cm in the initial samples and was significantly higher in the anoxic 
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samples (2.2-2.5 mS/cm) than in the oxic samples (1.0-1.6 mS/cm) at the end of the incubation 
(p<0.05, independent samples t-test). 
Pore water concentrations of NO3
- (Figure 2-5) were high (2.30 ± 0.31 µmol g-1 bulk soil) 
in the 65% oxic sample but decreased with increasing moisture content down to 0.01 ± 0.01 µmol 
g-1 at 100% WFPS. Under anoxic conditions, NO3
- was low in all samples measured (<0.001 µmol 
g-1). Pore water SO4
2- concentrations (Figure 2-5) were also low in the 100% WFPS oxic samples 
(0.02 ± 0.02 µmol g-1) and in the anoxic samples (<0.01 µmol g-1), though not as depleted as NO3
-. 
Cl- concentrations, like EC, were elevated in the anoxic samples (1.29-1.90 µmol g-1) compared 
to the oxic samples (0.94-1.53 µmol g-1). The decreasing trend of NO3
- with moisture content in 
the initial samples can be explained by a dilution effect since NO3
- was not present in the artificial 
soil water used to adjust the soil moisture. Conversely, for SO4
2-, the increasing trend is explained 
because SO4
2- was present in the artificial soil water but likely at a higher concentration than in 
the natural soil.  
For the soluble organic and inorganic carbon, results are from both direct pore water 
extractions on the 65, 80 and 100% WFPS samples (“dissolved” fraction) and K2SO4 extractions 
on all samples (“total soluble”, see 2.2.3). Both dissolved organic carbon and the total soluble 
organic carbon (Figure 2-6) were greatly increased in the anoxic samples compared to the oxic 
samples, and among the oxic samples the 100% WFPS samples had the greatest soluble organic 
carbon. Both dissolved inorganic carbon and the total soluble inorganic carbon (Figure 2-6) 
increased with moisture content in both the oxic and anoxic samples.  
Of the low molecular weight organic acids analyzed, anoxic samples had elevated 
concentrations of acetate, propionate and butyrate compared with oxic samples (Figure 2-7). 
Among the anoxic samples, acetate accumulated to concentrations up to maximums over 5700 
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nmol g-1, propionate to over 550 nmol g-1 and butyrate to over 230 nmol g-1. Among the oxic 
samples, acetate was not detectable, and propionate and butyrate concentrations were only up to 
maximums of 2.2 and 0.3 nmol g-1, respectively. Lactate was detected at small concentrations 
among the oxic samples (0.9-5.1 nmol g-1) but was not detected in anoxic samples. Moisture 
content did not have a consistent effect on organic acid concentrations within the oxic or the anoxic 
samples. None of the other organic acids analyzed were above detectable levels. 
 
Figure 2-5: Pore water concentrations of nitrate and sulfate measured at the beginning of the 
experiment (initial – grey) and end (oxic – blue and anoxic – red) of the incubation for moisture 
contents 65%, 80% and 100% WFPS. Error bars represent standard deviation for end samples 
(n=3, *n=1), not shown for initial samples (n=1). Measurements were not possible for 30% and 




Figure 2-6: Soluble organic (top) and inorganic (bottom) carbon in soil pore water and K2SO4 
extracts measured at the beginning (initial – grey) and end (oxic – blue and anoxic – red) of the 
incubation. The concentrations measured in the K2SO4 extracts represent the total soluble 
concentration (lighter shade), the concentrations measured in the pore water represent the 
dissolved fraction of the soluble concentration (darker shade) and the difference between these 
concentrations represents the extracted fraction (striped). For 30 and 45% WFPS, only the total 
soluble concentration was measured, whereas for 65, 80 and 100% WFPS, both total soluble and 
dissolved was measured and therefore the fractions are shown. Error bars represent standard 




Figure 2-7: Pore water concentrations of acetate, propionate, butyrate and lactate measured at the 
beginning of the experiment (initial – grey) and end (oxic – blue and anoxic – red) of the incubation 
for moisture contents 65%, 80% and 100% WFPS. Note the different scales for each graph. Error 
bars represent standard deviation (n=3, except n=2 for 80% anoxic samples), not shown for initial 




2.3.3 Model results 
The CO2 flux data in the oxic and anoxic incubations were fit with Eqs. (2.8) and (2.9), 
respectively (solid blue and red lines, respectively; Figure 2-3), and the residual sum of squares 
for the fit was calculated as 0.00026 resulting in the goodness of fit or R-squared value of 0.98. 
Also shown are the aerobic (dashed blue line) and anaerobic (dotted blue line) components of Eq. 
(2.8) where the total CO2 flux is the sum of these two components. Values for the remaining 
parameters for which measurements or literature estimates were not available were estimated from 
this model fit (Table 2.2). 
Table 2.2: Parameter values estimated by the model fit in this study 
Parameter Value (± 95% confidence 
interval) 
Maximum conversion rate of aerobic reaction (Vmax,Ox) 342±300 nmol cm
-3 soil hr-1 
Maximum conversion rate of anaerobic reaction (Vmax,An) 30±20 nmol cm
-3 soil hr-1 
Half saturation constant for oxygen (ko) 0.26±0.28 µmol cm
-3 soil 
Half saturation constant for DOC for anaerobic reaction (kc,An) 0.44±0.13 µmol cm
-3 soil 
Eq. (2.4) exponent for oxic incubation (nOx) 3.69±0.15 
Eq. (2.4) exponent for anoxic incubation (nAn) 6.5±0.2 
The maximum conversion rate estimated for the aerobic respiration reaction (Vmax,Ox) was 
about 1 order of magnitude higher than the maximum conversion rate for the anaerobic processes 
term (Vmax,An). Additionally, the literature value of the half saturation constant for DOC in the oxic 
conditions (kc,Ox) was much lower than the value estimated for that in the anoxic condition (kc,An), 
although the confidence intervals for the estimates of the Michaelis-Menten parameters are 
relatively large. The exponent n in Eq. (2.4) was considered variable in the oxic and anoxic 
conditions. In the oxic condition, n was estimated to be approximately 3.7, similar to the value 3 
used by Davidson et al. (2012), whereas in the anoxic conditions it was approximated as 6.5. This 
difference in the estimated n value suggests that, in addition to the greater concentration of DOC 
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in the anoxic conditions, the dependency of the availability of DOC on the moisture content was 
also greater in the anoxic incubation. 
2.4 Discussion 
2.4.1 Aerobic CO2 production 
Under oxic incubation, soil CO2 fluxes followed the relationship with soil moisture that has 
been observed previously (e.g., Linn and Doran, 1984), where fluxes were maximal at moderate 
soil moisture (65% WFPS) and decreased towards either moisture content extreme (30% and 
100% WFPS). CO2 fluxes were expected to become moisture-limited at low soil moisture contents 
due to the limited diffusion and availability of soluble substrates (e.g., organic C) resulting from 
limited connectivity of water films within the soil (Schjønning et al., 2003; Schimel, 2018). 
Conversely, fluxes were expected to become O2-limited at high soil moisture contents due to the 
slow diffusion of O2 in water-filled pore space, which is limiting for aerobic respiration 
(Ponnamperuma, 1972; Moldrup et al., 2000). This relationship has been represented in soil 
moisture functions in CO2 flux models, some of which use Michaelis-Menten-type kinetics 
(Davidson et al., 2012; Moyano et al., 2013). 
The relationship described above is essentially a trade-off between moisture and O2 
limitations on aerobic respiration in soil. Since moisture and O2 are closely linked in soil, few 
experimental studies have attempted to characterize these two factors separately. Sierra et al. 
(2017) showed that CO2 fluxes did not decrease at high moisture contents when the O2 
concentration was held constant (at 1% or 20%), suggesting that O2 limitation was the major factor 
limiting CO2 fluxes at high soil moisture. Another experiment by McNicol and Silver (2014) 
demonstrated that both inundation and an anoxic headspace decreased CO2 fluxes compared to a 
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moderately moist, oxic control. In our factorial experiment, the results agreed with previous 
studies since both anoxic incubation and saturated conditions decreased soil CO2 fluxes. 
Additionally, the increasing trend observed in the anoxically incubated samples demonstrated that 
moisture content had an effect on CO2 fluxes independently of O2 availability, which could be 
attributed to the enhanced diffusion of soluble substrates towards the cell (and presumably, also 
of metabolic waste products away from the cell). Physiological limitation of low water potential 
may also plays a role at very low moisture contents (Schimel, 2018). 
One observation of the CO2 fluxes under oxic incubation worth noting was that fluxes did 
not decrease to zero at saturation, as many existing models would predict. The earlier models (e.g., 
Davidson et al., 2012; Moyano et al., 2013) assume the complete absence of O2 in saturated soils 
and therefore, since only aerobic respiration is represented in these models, they predict a complete 
inhibition of CO2 production. In fact, previous lab incubation studies have shown non-zero fluxes 
of saturated soils (Moyano et al., 2018; Wickland and Neff, 2008). There are two possible reasons 
to explain CO2 fluxes observed in saturated soils. First, even in completely saturated soils, O2 
diffusion will occur at the soil-atmosphere interface. This allows for aerobic respiration at the 
interface which matches O2 diffusion rates and therefore non-zero CO2 fluxes. If the rate of O2 
consumption is lower than the rate of O2 diffusion, for instance due to limited availability of labile 
OM, then oxic pore water will exist allowing for aerobic respiration and CO2 production to occur. 
Entrapped air in saturated soil could also increase the rates of O2 entering the soil water (Williams 
and Oostrom, 2000). Second, even under the complete absence of O2, anaerobic metabolisms in 
the soil can produce CO2. The CO2 fluxes measured in the anoxic incubations indicated that this 
was occurring, and fluxes of CO2 have also been reported in previous anoxic soil incubation 
experiments (Moore and Dalva, 1997). 
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2.4.2 Anaerobic CO2 production 
In addition to aerobic respiration, CO2 is also a product of several types of fermentation and 
anaerobic respiration which occur in the absence of O2. The production of low molecular weight 
organic acids via fermentation pathways supplies substrates for methanogens (Herndon et al., 
2015). Elevated DOC and organic acids, mostly acetate, suggested that fermentation was occurring 
in the anoxic conditions which could both produce CO2 and fuel methanogenesis. The exhaustion 
of available electron acceptors is generally required for methanogenesis to occur (Knorr and 
Blodau, 2009). In the anoxic conditions, SO4
2- and NO3
- were almost entirely depleted by the end 
of the experiment, suggesting that methanogenesis would have been permitted. Other possible 
EAs (e.g., Fe3+, Mn4+) were not measured in this study and therefore it was unknown how much 
they contributed to the cumulative anaerobic respiration.  
Substantial CH4 fluxes measured in the anoxic conditions indicate that methanogenesis was 
likely the main anaerobic pathway being used at the end of the experiment. However, CH4 fluxes 
were dynamic over time and much smaller fluxes were observed earlier in the incubation. Since 
this study did not include measurements of CH4 concentrations in the pore water, we cannot rule 
out the possibility that dynamic fluxes of CH4 over time resulted from physical effects. Previous 
work on CH4 emissions from peatlands has shown that CH4 accumulates and can become 
supersaturated in pore water leading to the formation of gas phase CH4 in bubbles (Strack et al., 
2005). Ebullition of CH4 accumulated in bubbles can lead to high spatial and temporal variability 
in CH4 emissions from soil (Tokida et al., 2005) and may explain the high CH4 flux rates at the 
end of the anoxic incubation in this study.  
Nonetheless, the delay in CH4 fluxes may be better explained by a lag time in 
methanogenesis due to inhibition by the presence of alternative EAs. For methanogenesis to 
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become favourable, EAs present in the soil initially would need to become depleted (through their 
reduction coupled to the oxidation of OM, i.e. anaerobic respiration). As noted above, NO3
- and 
SO4
2- were initially present in the pore water, and thus would have inhibited methanogenesis 
initially, but became depleted in the anoxic conditions by the end of the incubation. 
Stoichiometrically, under strictly EA-limited conditions where methanogenesis is the only 
available metabolic pathway, we would expect a theoretical ratio of CO2:CH4 produced (or 
HCO3
-:CH4) of 1:1 (e.g., from the disproportionation reaction with glucose; LaRowe and Van 
Cappellen, 2011): 
𝐶6𝐻12𝑂6 + 3𝐻2𝑂 → 3𝐶𝐻4 + 3𝐻𝐶𝑂3
− + 3𝐻+. (2.10) 
With the ongoing occurrence of anaerobic respiration using EAs, we would expect a CO2:CH4 
ratio of greater than 1. Theoretically, as EAs are depleted over time and methanogenesis starts to 
make up greater proportions of the overall decomposition of OM, we would expect a decreasing 
ratio. Previous incubation experiments have observed this decline in CO2:CH4 over time 
associated with a lag in methanogenesis (Chowdhury et al., 2015; Gao et al., 2019). Recent work 
by Gao et al. (2019) observed declining CO2:CH4 ratios from incubating peat soils that reached as 
low as 1:1. Therefore, although we cannot say for certain if the observed CH4 fluxes in our 
incubation were representative of the actual instantaneous rate of CH4 production, previous 
observations have demonstrated that the development of strictly methanogenic conditions can 
result in equimolar production of CO2 and CH4.  
The unsaturated soil samples incubated under oxic conditions clearly had higher CO2 fluxes 
than under anoxic conditions due to aerobic respiration (Figure 2-3). The CO2 flux at 100% WFPS 
was very similar under both oxic and anoxic incubations, suggesting that much of the CO2 
produced under saturation results from anaerobic processes rather than aerobic respiration at the 
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soil-headspace interface. However, measurable CH4 fluxes were not observed in any of the oxic 
incubations, even under completely saturated conditions (Figure 2-4). This could have been due 
to the presence of an aerobic headspace and the possible oxidation of any produced CH4 by 
methanotrophs in oxic upper layers of the soil, which would also contribute to CO2 fluxes 
(Boucher et al., 2009). Alternatively, methanogenesis may not yet have been occurring in these 
samples due to the availability of EAs. Decreases in SO4
2- and NO3
- concentrations suggested that 
some reduction of these EAs was occurring, especially in the highest moisture contents, but they 
were not completely depleted by the end of the incubation as in the anoxic incubations (Figure 
2-5). Additionally, organic acids such as acetate did not accumulate in the oxic samples as they 
did in the anoxic samples (Figure 2-6), suggesting that the presence of EAs may have inhibited 
fermentation and thus organic acid substrates for methanogenesis were not being supplied. 
Alternatively, organic acids may have been quickly respired aerobically and thus did not 
accumulate. Therefore, anaerobic respiration pathways such as denitrification or SO4
2- reduction 
(or the use of other inorganic or organic EAs that were not measured) may have been the main 
anaerobic source of CO2 in the oxic incubations rather than fermentation and methanogenesis. 
2.4.3 Modelling CO2 fluxes 
The experimental results highlighted the importance of including anaerobic sources in soil 
CO2 flux models. The model developed here represents a simple way of incorporating these 
anaerobic processes as a lumped term into existing soil moisture functions which could eliminate 
much of the model-data discrepancies often observed at the high end of soil moisture content. 
However, as discussed above, multiple pathways exist for anaerobic CO2 production and thus, 
representing them as one bulk process was an oversimplification. For the purposes of this study, 
the lumped term was deemed appropriate since there was insufficient data to estimate the exact 
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contributions of individual metabolisms, but future studies may find it useful to quantify additional 
reaction rates. Time scales are also important to consider since availability of EAs will be 
temporally dynamic. For example, O2 and other electron acceptors that are initially present upon 
flooding of soil will eventually become depleted if they are not replenished (Parsons et al., 2013; 
Rezanezhad et al., 2014). Therefore, multiple metabolisms may be used transitionally under 
dynamic soil moisture conditions and more complete models could explicitly represent these 
metabolisms (Zheng et al., 2019).   
As mentioned, non-zero CO2 fluxes from saturated and anoxically incubated soils have been 
observed before. In a different approach to dealing with this discrepancy than how we have 
described here, Ghezzehei et al. (2019) attributed non-zero fluxes at saturation to a minimum level 
of aerobic respiration in their model. The Terrestrial Ecosystem Model (Raich et al., 1991) 
similarly includes a soil moisture function which has a parameter for the rate of decomposition at 
saturation which is 60-80% of the maximum rate. However, the substantial CO2 fluxes in anoxic 
conditions in this experiment suggest that anaerobic sources likely explain more of the saturated 
fluxes than aerobic respiration.  
Applying this type of soil moisture function to models that operate on a batch experiment or 
field scale is additionally challenging since bulk soil moisture measurements are not necessarily 
representative of soil moisture and O2 distribution at the pore and aggregate scales (Keiluweit et 
al., 2018). Anoxic microsites in under-saturated soils have been increasingly recognized as an 
important factor for soil C decomposition (Keiluweit et al., 2017; Brewer et al., 2018), and models 
will be required that account for this microscale heterogeneity (Ebrahimi and Or, 2016). This 
model’s representation of O2 inhibition of anaerobic respiration as a function of moisture content 
allowed for this heterogeneity instead of having a strict limit for complete inhibition at a certain 
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threshold of O2 availability, but the reality is of course more complex. Additionally, understanding 
the roles of soil properties (e.g., soil texture, OM content) will be critical for the development of 
models that can accommodate a range of soil types (Keiluweit et al., 2018; Ghezzehei et al., 2019; 
Tang and Riley, 2019). 
2.4.4 Conclusion 
There is a need to develop soil moisture functions that are conceptually accurate for CO2 
fluxes. The factorial design of the experiment in this study allowed us to look at the effects of soil 
moisture and O2 on soil CO2 fluxes independently. Under oxic conditions, both moisture and O2 
were controlling factors, whereas under anoxic conditions, only moisture was a controlling factor 
as O2 was consistently absent. The different relationships of CO2 fluxes with soil moisture under 
both oxic and anoxic conditions are evidence of the trade-off between moisture and O2 limitations 
in soil that has long been assumed but rarely validated. The findings also highlighted the 
importance of considering anaerobic processes as sources of CO2. The model-data discrepancy 
that has been observed in high soil moisture CO2 fluxes can be explained by the lack of 
consideration of these anaerobic processes. This relatively simple model presents an overlooked 
component of soil CO2 fluxes that can be incorporated into increasingly complex, mechanistic 




3 Interactions between soil texture and soil moisture in controlling CO2 
fluxes: Literature review and batch experiment 
3.1 Introduction 
In Chapter 2, I investigated how soil moisture and oxygen (O2) influence soil CO2 fluxes 
using a batch incubation experiment and presented an improved way of representing this 
relationship in models. The goal of many soil organic matter (OM) decomposition models is to 
accurately scale up micro-scale biogeochemical processes to predict global carbon (C) 
transformations. While the previous chapter addressed soil moisture as a key factor controlling 
soil CO2 emissions, one factor I did not consider was how this effect could change depending on 
intrinsic soil properties. A robust model that accurately predicts rates of CO2 fluxes from soil will 
need to consider the differences in intrinsic properties between soils that can affect OM 
decomposition or interact with other factors controlling soil OM decomposition processes.  
Soil texture is one factor that can vary widely between different soil types and influences 
the rates of OM decomposition in soil. Clay content, for example, can reduce rates of soil organic 
C turnover by protecting OM from decomposition (Hassink, 1997). Mechanisms that control the 
protection of soil OM include spatial inaccessibility (e.g., through occlusion within aggregates or 
intercalation within phyllosilicates) and interactions with particle surfaces (Lützow et al., 2006). 
By directly or indirectly providing a protective effect on soil OM, clay content may act as a 
controlling factor for soil CO2 fluxes. Some existing models explicitly include clay content as a 
parameter for the prediction of  OM decomposition rates (e.g., Sulman et al., 2014). 
In addition to protecting soil OM, soil texture may affect the relationship between soil CO2 
fluxes and soil moisture. Some models hypothesize that soil clay content can shift the moisture 
content where maximum fluxes occur, or modify the shape of the curve that represents this 
relationship (see Figures 3-1 to 3-3; Moyano et al., 2013; Ghezzehei et al., 2019; Tang and Riley, 
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2019). Moyano et al. (2012) provided some support for this hypothesis by synthesizing and 
analyzing data collected from a wide range of soils. However, very little experimental evidence 
exists to test this prediction or investigate the exact mechanisms involved. More experimental 
studies using direct manipulation of soil texture will be useful for validating the proposed 
conceptual models and testing further hypotheses regarding the mechanisms involved. 
The purpose of this chapter is to identify a possible area of future research, that is, the effects 
of soil texture on soil CO2 fluxes and their relationship with soil moisture, and to provide an 
overview of the current state of knowledge on this topic. Some previous studies using different 
methodologies are discussed in this review. Additionally, a review of some existing models is 
presented to identify some existing frameworks that consider soil texture and its effect on organic 
matter decomposition or CO2 fluxes. Finally, I present the results of a factorial batch experiment 
conducted to examine the interaction between soil texture and soil moisture and the effects on soil 
CO2 fluxes. 
3.2 The role of soil texture in soil organic matter dynamics 
3.2.1 Findings from previous experimental studies 
Effects of clay content on OM stabilization 
The effects of soil clay content on the stabilization of soil OM were introduced in Chapter 1 
in this thesis. In brief, increasing clay content increases OM stabilization, thereby reducing 
emissions of CO2. One mechanism by which the presence of clay minerals can protect soil OM 
from decomposition is by adsorbing molecules of OM or otherwise directly interacting with OM. 
The factors that can influence this protective effect include the clay content, clay type (2:1 vs. 1:1) 
and clay size fractions (Six et al., 2002). For example, as a 1:1 clay, kaolinite has a lower cation 
exchange capacity and less capacity to adsorb OM than 2:1 clays such as smectites or illites (Barré 
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et al., 2014). Sørensen (1972) demonstrated that while adding either montmorillonite or illite to 
soil significantly increased OM protection, the addition of kaolinite had no stabilizing effect. Saidy 
et al. (2012) also showed that dissolved OM decomposition in soil was greater in the presence of 
kaolinite than illite or smectite. Therefore, while some models have estimated OM protection using 
clay content, other factors such as the clay type and mineralogy are important to consider as well. 
Clay content indirectly influences OM protection because clay minerals are a key component 
of microaggregate formation (Totsche et al., 2018). Microaggregates are stable structures in the 
soil with micropores that can influence soil tortuosity, water retention, and effective diffusion rates 
(Zhuang et al., 2008). Soil OM entrapped within microaggregate structures is physically protected 
from decomposition due to spatial inaccessibility (Chenu and Plante, 2006). In addition to physical 
occlusion, microaggregates can also limit OM decomposition by limiting O2 diffusion. A study by 
Sey et al., (2008) demonstrated that O2 diffusion was more restricted within microaggregates than 
macroaggregates. Therefore, it can be expected that soil texture influences the degree of O2 
limitation in soil, and a study by Keiluweit et al., (2018) supported this by showing that the overall 
volume of anoxic microsites in a soil increased with clay content. 
Interactive effect between soil texture and moisture: experimental approaches 
Of the studies that have investigated the effects of soil texture on OM decomposition in soils, 
some have done so using soil samples from sites with natural gradients in soil texture (Sørensen, 
1975; Gregorich et al., 1991; Amato and Ladd, 1992; Schjønning et al., 2003) . While these studies 
were able to use natural, undisturbed soil samples that were likely more representative of field 
conditions, they may have been disadvantaged due to uncontrolled variation in soil properties 
other than the property of interest to the study. For example, natural gradients in soil texture can 
also be associated with gradients in OM content (Burke et al., 1989). Although OM decomposition 
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rates can be normalized to the amount of OM in each treatment, deciphering the interactive effects 
of soil texture and other factors (e.g., soil moisture) is challenging. Others have attempted to 
increase the level of control by adding different proportions of specific grain size fractions to 
manipulate soil texture directly. This has been done using commercially available pure clay and 
sand (Sørensen, 1972; Kunc and Stotzky, 1974) and with clay and silt particle size fractions 
collected from a natural soil (Schjønning et al., 1999; Thomsen et al., 1999). Another approach is 
to use an artificial soil for which soil mineralogy, OM content and texture are controlled, and 
which must be inoculated with, for example, a natural soil community (Pronk et al., 2013). 
While many previous studies have investigated the effect of clay content on soil OM 
decomposition, few experiments have looked at the possible interactions between soil texture and 
soil moisture in controlling soil CO2 fluxes. Soil texture could affect OM decomposition and other 
processes in soil by influencing the diffusion of substrates to and waste products away from the 
microbial cells. Soil texture has been shown to be an important factor that influences gas transport 
in soils (Dörr et al., 1993). Keiluweit et al. (2018) showed that the volume of anoxic microsites in 
moderately moist soil varied depending on soil texture, demonstrating the link between clay 
content and diffusive limitations on O2 availability in soil. Soil texture can also affect the diffusion 
of soluble substrates such as DOC, for example, due to tortuosity effects (Moldrup et al., 2001), 
which has been shown to limit microbial activity at low soil moisture contents (Schjønning et al., 
2003). A flow-through reactor experiment in a study by Rezanezhad et al., (2016) showed that 
increasing the proportion of sand in peat-sand mixtures increased the rate of denitrification 
normalized to the mass of organic C, demonstrating the importance of transport properties to OM 
decomposition by denitrification in peat soil. Since soil texture plays a role in controlling diffusive 
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availability of both soluble substrates and gases such as O2, it should be expected that soil texture 
can influence the soil CO2 flux-moisture content relationship. 
An experiment by Scott et al. (1996) assessed OM decomposition rates in different soils 
having a natural gradient in soil texture and at different soil water pressures. While they did not 
observe a significant effect on OM decomposition by soil texture alone, the effect of soil moisture 
on OM decomposition was most pronounced in the finer-textured soil. This provided some 
evidence for an interactive effect between soil moisture and soil texture; however, the differences 
in soil organic C content between soil textures in the natural gradient make it is difficult to assess 
the reason for the interaction.  
Experiments by Thomsen et al. (1999) tested both a natural gradient in soil texture, and soil 
textures adjusted artificially by adding clay size fractions that had been extracted from the natural 
soil. They suggested that soil texture can indirectly affect decomposition rates due to its effect on 
soil water characteristics. However, results from the natural gradient versus the adjusted soil 
textures were inconsistent, possibly because the OM added with the clay size fraction may have 
been more recalcitrant compared with the bulk soil OM, resulting in differences in overall soil 
OM quality. While these experiments may have been more realistic by adjusting soil texture with 
clay and silt sized particles extracted from the natural soil, the additional OM added this way 
introduced additional variability into the clay and silt-content treatment groups. The alternative, 
adding pure clay, may not ensure consistent mineralogy with the natural soil but the OM quantity 
and quality could be better controlled. 
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3.2.2 Existing modelling frameworks  
Up until very recently, most models did not consider how soil texture could influence the 
relationship between soil moisture and CO2 fluxes. While some more recent models have provided 
a conceptual framework for this possible interactive effect, these models have had little direct 
experimental evidence available to verify their assumptions and test hypotheses regarding the 
exact mechanisms involved. Still, a discussion of these existing models is useful, since they 
provide a framework for starting to develop hypotheses based on theoretical concepts and 
established empirical relationships. 
The Terrestrial Ecosystem Model (Raich et al., 1991) has been used to predict net primary 
productivity and C fluxes at the continent and global scales. The soil moisture function used to 
scale estimates of soil OM decomposition rates could be changed to reflect the soil texture. 
Parameters for the optimum soil moisture were defined for 5 soil texture classes based on the soil 
moisture at which 15% of the soil volume is air. According to this assumption, the soil moisture 
content at which OM decomposition is maximized increases with increasingly fine-textured soil. 
While early models such as the Terrestrial Ecosystem Model identified the need to modify soil 
moisture sensitivity according to the soil texture, more recent models have introduced increasingly 
mechanistic rationale for these relationships. 
The DAMM model (Davidson et al., 2012) and other similarly formulated models estimated 
the relative gas diffusivity in soil compared to free air by relating it to the air-filled pore space. 
For example, the relationship in the DAMM model was based on the following relationship 
(Moldrup et al., 2000): 
𝐷𝑝 𝐷𝑜⁄ = 𝜀
4
3⁄ , (3.1) 
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where Dp/Do is the relative gas diffusivity in soil and ε is the volumetric air-filled porosity, and 
4/3 represents a pore-connectivity factor. More recently, studies have shown that this pore-
connectivity factor relates to the soil particle and pore size distribution (Arthur et al., 2012). While 
it might be assumed that soils with greater porosity (i.e. lower bulk density) would have greater 
Dp/Do due to greater pore volume, denser soils actually exhibit greater Dp/Do due to increasing 
proportion of effective pore volume (Fujikawa and Miyazaki, 2005). This may further explain the 
results of Keiluweit et al., (2018) where increasing clay content increased the volume of anoxic 
microsites, since a greater proportion of inaccessible micropores would limit O2 diffusion. 
Therefore, the relationship between soil texture and effective porosity may be important in 
controlling gas diffusion in soil. 
A model by Moyano et al. (2013) used empirical relationships relating the gas and solute 
diffusivities to soil texture characteristics. For example, the relative solute diffusivity (Ds/Do,s) was 
related to a threshold soil moisture level (θth) through the relationship established by Olesen et al., 
(2001): 
𝐷𝑠 𝐷𝑜,𝑠 = 1.1𝜃(𝜃 − 𝜃𝑡ℎ)⁄ . (3.2) 
Moldrup et al., (2001) empirically related θth to the soil surface area, and thus the soil texture, by: 
𝜃𝑡ℎ = 0.039 𝑆𝐴𝑣𝑜𝑙
0.52, (3.3) 
where SAvol is the volumetric soil surface area. Using these empirically derived relationships, 
Moyano et al. predicted that the relationship between relative microbial respiration and water 
saturation changes depending on θth, with greater values of θth resulting in a narrower peak (Figure 
3-1). 
In their soil heterotrophic respiration model, Yan et al. (2018) defined two parameters that 
describe the relationship between soil moisture and CO2 fluxes: a parameter related to the degree 
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of collocation of the soil OM and microorganisms, and a parameter related to the restriction in O2 
supply. By fitting their model to experimental data from a range of soil textures, they found that 
the SOC-microorganism factor was positively and linearly related to clay content (Figure 3-2A). 
They suggested the reason for this is the adsorption of OM on clay particles or the occlusion of 
OM within aggregates, which makes the OM inaccessible to the microbes. The graph in Figure 
3-2B shows how relationship between relative water content and relative respiration rate changes 
if the SOC-microorganism collation factor (represented as a in the figure) is increased. 
Conversely, they found that the O2 supply restriction factor was not correlated with soil properties, 
which was surprising given past experimental evidence suggesting that O2 supply is influenced by 
clay content (e.g., Keiluweit et al., 2018).  
 
Figure 3-1: Figures obtained from Moyano et al. (2013) showing their model predictions that (A) 
the threshold soil moisture content (θth) depends on the volumetric surface area (which is linked 
to the soil texture), and (B) the relationship between relative respiration and water saturation 




Figure 3-2: Figures obtained from Yan et al. (2018). Panel A shows the fitted values from for the 
SOC-microorganism collocation factor (a) correlated with clay content. Panel B shows how 
changing the value of this parameter influenced the relationship of relative water content with the 
relative rate of respiration. 
The approach taken by Ghezzehei et al., (2019) to include soil type-specific properties in 
their model was to incorporate parameters relating to the soil water characteristic, or soil water 
retention curve. The soil water characteristic is a well-established relationship between soil water 
content and matric potential (Van Genuchten, 1980) and is a bulk-soil scale representation of the 
pore properties and distribution. Thus, by including soil water characteristic parameters, their 
model could account for differences in water retention and transport due to soil texture. The use 
of the soil water characteristic was made even more accessible by pedotransfer functions which 
allowed for estimation of the parameters using routinely measured soil properties such as the 
particle size distribution (Zhang and Schaap, 2017). Using their model that considers the 
dependence of substrate and O2 diffusion on soil matric potential in conjunction with a 
pedotransfer function, they predicted that soil texture impacts soil moisture sensitivity. Their 
model predicted that fine-textured soils have a wider range of soil matric potential where peak 
CO2 fluxes occur and coarse-textured soils have a narrower range (Figure 3-3A). However, when 
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soil moisture was expressed as relative saturation (as opposed to matric potential), it was the fine-
textured soils that exhibited the narrower range (Figure 3-3B).  
Another modelling framework that included the use of pedotransfer functions was developed 
by Tang and Riley (2019). Their model estimated many parameters a priori using numerous 
mechanistic or well-established empirical relationships to calculate effective affinity parameters 
used in kinetic models of OM decomposition, including Michaelis-Menten kinetics. They used a 
pedotransfer function to estimate the matric potential at a given moisture content using a parameter 
for pore size distribution. They then estimated the solute and gas diffusivities based on the 
thickness of water films around soil particles, which they calculated based on the matric potential. 
In this way, they could use soil texture (i.e. clay content) to determine the relative soil moisture 
sensitivity. They reported their model results based on relative saturation and their model predicted 
that the range of optimum moisture content becomes narrower with increasing clay content (Figure 
3-4). The effect appeared most pronounced at low soil moisture, as it did in the model predictions 





Figure 3-3: Figures obtained from Ghezzehei et al. (2019) showing their model predictions for 
the effect of soil texture class on the relative soil moisture sensitivity of aerobic respiration activity. 
Soil moisture was expressed as matric potential (A) and as relative saturation (B). Their model 
used soil water characteristic parameters estimated from the soil texture classes using a 
pedotransfer function. 
 
Figure 3-4: Figure obtained from Tang and Riley (2019) that shows their model predictions for 




3.3 Factorial batch experiment 
While reviewing the literature on developments in modelling soil OM dynamics and CO2 
fluxes involving soil texture, it became clear that little experimental evidence exists to validate the 
assumptions made in current models. I therefore developed an experimental set up to directly test 
effects of both soil moisture and soil texture on CO2 fluxes using a factorial batch incubation 
experiment. While factorial experiments investigating both soil texture and soil moisture have 
been rare, there have been some previous efforts to investigate soil texture as a factor controlling 
OM decomposition in soil. Among the different approaches to testing different soil textures 
discussed above, I chose the method of adding pure clay and sand to prepare soils of varying 
textures. This method allowed for a high level of control (i.e., other factors are kept constant 
among the different treatments) while still using a natural soil. 
3.3.1 Materials and methods 
Soil collection and preparation 
Soil for this experiment was collected from an agricultural field at the rare Charitable 
Research Reserve in Cambridge, Ontario (the same location as described in Chapter 2, Figure 2-1) 
in July 2019. At the time, the field was planted in corn and in previous years it was rotated in soy, 
corn and wheat and red clover. Collected soil was sieved to 4 mm, air dried for 1 week and then 
stored at 4°C for approximately 3 months until the experiment was started. A commercially 
available composted cattle manure (GardenClub™) used to amend the soil was also similarly 
sieved and air-dried. 
Different soil textures were prepared by adding pure kaolinite clay (Kaolinite, natural, 
Sigma-Aldrich), pure quartz sand (3Q-ROK®, US Silica), or a mixture of both to the agricultural 
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soil amended with composted cattle manure. As a comparatively inert clay, kaolinite was chosen 
for soil texture adjustment to minimize effects related soil OM adsorption so that any observed 
differences could be attributed to soil texture differences rather than mineralogy. Three soil 
compositions were prepared for the incubation experiment: Texture 1, Texture 2 and Texture 3, 
corresponding to soil compositions increasing in their proportions of fine particles (silt + clay). 
The 3 soil compositions (Figure 3-5) were prepared according to the compositions shown in Table 
3.1 and well-mixed. Particle size distributions of the agricultural soil and the 3 soil compositions 
(Table 3.1) were analyzed using the pipette method (Gee and Bauder, 1986). Gravimetric moisture 
content was also measured for the 3 soil compositions by oven-drying at 105°C for 24 hours 
(Gardner, 1986). 
Table 3.1: Composition and particle size analysis of prepared soils (% mass) 
Component Agricultural 
soil 
Texture (1) Texture (2) Texture (3) 
Agricultural soil  40 40 40 
Composted manure  10 10 10 
Quartz sand  50 37.5 25 
Kaolinite clay  0 12.5 25 
Sand 48.8 75.3 63.9 48.1 
Silt 39.5 17.9 24.1 32.0 
Clay 11.7 6.8 12.1 19.9 
Silt + clay 51.2 24.7 36.2 51.9 
Texture class Loam Sandy loam Sandy loam Loam 
 
Among the different soil textures prepared, the amended agricultural soil made up the same 
proportion by mass of each soil mixture. The remaining fraction of the soil mixtures were made 
up of a mixture of kaolinite clay and quartz sand, the proportions of which were varied to achieve 
different overall soil texture. In this way, the dilution of the natural soil with pure minerals was 
the same for each treatment, thus keeping many important factors consistent across treatments 
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(e.g., OM content, biomass). The same amount of composted cattle manure was added to each soil 
type to maintain an OM content similar to that of the natural soil before dilution.  
Allocations of 200 g of the mixed soils were weighed into 500 mL glass jars (soil surface 
area: approximately 35 cm2). Triplicate soil samples were prepared for each treatment 
combination, which included the 3 soil textures and 8 moisture content levels for a total of 72 
samples. Moisture contents of the soil samples in jars were adjusted with water prepared to closely 
match the pH, electrical conductivity and ionic composition of the groundwater from the field site 
(composition outlined in section 2.2.1). As in the Chapter 2 experiment, an artificial soil water 
was used for moisture content adjustment rather than pure water so as to minimize disturbances to 
the soil community due to osmotic or pH shock (Killham, 1985; Halverson et al., 2000). The first 
samples to be adjusted were those that were designated to be 100% saturated. To achieve this, 
water was added slowly and the soil mixed until complete saturation was achieved. The same 
amount of water was added to saturate the soils of Texture 1 and Texture 2 (47.6 mL), but a larger 
volume of water was needed to fully saturate the soils of Texture 3 (60.0 mL). Sequentially smaller 
volumes of water were added to the remaining soils to achieve moisture contents ranging from 
fully saturated (100% WFPS) to no water added (approximately 7% WFPS, due to residual 
moisture in the soil). The soil samples were well-mixed to evenly distribute the water and then 
packed down to approximately equal volumes (small differences in volume were recorded and 
accounted for in bulk density and headspace volume calculations, with Texture 3 generally having 





Figure 3-5: Photos of (A) prepared soil types before moisture adjustment (left to right, soil textures 
increasing in proportion of silt+clay: Texture 1 – Texture 2 – Texture 3), and (B) all soil sample 
jars after soil moisture adjustment and during gas flux measurements. 
Incubation experiment and gas flux measurements 
Soil moisture adjustment was carried out over 3 days, with the first replicate of each 
treatment being prepared on the first day, the second on the following day and the third on the 
third day. Incubations began on the day that the soil moisture was adjusted for each sample, thus, 
since preparations were staggered over 3 days, measurements were also staggered over 3 days 
such that the amount of time between the beginning of the incubation and any measurements was 
equal for each set of replicates. The purpose of staggering incubations was to limit the number of 
samples that needed to be analyzed on a given day, since the large number of samples introduced 
logistical challenges for measuring gas fluxes. The scheduling of the gas flux measurements 
therefore involved measuring fluxes from 24 samples per day, and repeated measurements on the 
same soil sample were at minimum 3 days apart. The incubations were completed after 20 days.  
Samples were incubated in a walk-in environmental chamber (Percival Scientific CTH-118) 
at 25°C ±1°C so that gas flux measurements would not be affected by changes in temperature, 
which is another major factor controlling soil CO2 fluxes. Samples were incubated in glass jars 
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with lids fitted with ports for gas sampling. Lids were left on during the incubation but the ports 
were open; thus, the jars were not sealed but limited air exchange minimized evaporation from the 
soil samples. Soil samples were weighed approximately every 3 days (on the day following a gas 
flux measurement) and topped up by misting with MilliQ ultrapure water to replace any water lost 
to evaporation. Typical evaporative losses over a 3-day period were 1.0-2.0 mL. 
Jar lids were required to prevent rapid drying of the soil samples, and thus CO2 was quickly 
able to build up in the headspace of the jar to well above ambient CO2 levels. Conversely, 
headspace O2 concentrations may have become depleted due to limited air exchange (although 
this was not confirmed with measurements). To obtain gas flux measurements that were more 
representative of in situ conditions, headspaces needed to be purged with ambient air to remove 
CO2 and provide O2. However, we had observed that this rapid change in headspace conditions 
resulted in enhanced CO2 fluxes immediately after purging, either due to a physical effect of built 
up CO2 degassing from the soil water, or a rapid increase in microbial respiratory activity due to 
the sudden availability of O2. Enhanced gas fluxes eventually decreased and returned to a 
relatively stable rate. Therefore, to obtain stable gas flux rates that are more representative of in 
situ conditions, jars were purged with air for 10 minutes and then left open for 1 hour prior to 
starting the gas flux measurement. After much trial of different purging and waiting times, this 
method resulted in the most consistent gas fluxes when measurements were repeated.  
Gas flux measurements were performed using a 16-channel multiplexed infrared gas 
analyzer for CO2 (LI-8100 and LI-8150, LI-COR Biosciences, Lincoln, Nebraska, USA). In brief, 
inlet and outlet tubing from the multiplexed system was connected to the soil sample jar lids 
forming a closed loop, and a pump circulated the headspace gas into the analyzing chamber. The 
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analyzer measured the accumulation of CO2 in the headspace gas every second over an 8-minute 
period. Fluxes of CO2 (Fgas, µmol kg









where P is the pressure (atm), V is the system volume (L, including the headspace, tubing and 
analyzing chamber volumes), R is the ideal gas constant (L atm K-1 mol-1), T is the temperature 
(K), ΔCgas is the change in gas mole fraction (µmol mol
-1), Δt is the time duration of the 
measurement (hr) and msoil is the dry mass of soil (kg). 
3.3.2  Preliminary results and discussion 
Soil moisture content was expressed as either gravimetric soil moisture (g g-1 dry soil, 
hereafter, g g-1) or percentage water-filled pore space (WFPS). To calculate % WFPS, we assumed 
that the highest moisture content samples were 100% saturated (after much trial and error of 
techniques for saturating the soil), and the porosity was calculated using the amount of water added 
to saturate the soil plus the residual moisture. In the case of Texture 1, the volume added for the 
second highest moisture content was used instead, since it appeared to be saturated and the highest 
moisture content appeared oversaturated. The % WFPS for each sample was then estimated as the 
total water volume (gravimetric moisture content × soil dry weight) divided by the total pore 
volume (porosity × soil volume). By this method of estimating porosity, the average porosity was 
0.33, 0.35, and 0.40 for textures 1, 2 and 3, respectively, which are similar to reference values 
reported for these soil texture classes (Clapp and Hornberger, 1978). These porosity values 
corresponded to bulk densities of 1.78, 1.73 and 1.58 g cm-3, assuming a particle density of 2.65 
g cm-3. Since the porosity and bulk density varied slightly between soil textures, a measurement 
of the gravimetric soil moisture converts to a different % WFPS for each soil texture. 
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Measured CO2 fluxes are shown in Figure 3-6 as the average of 3 replicates with error bars 
representing standard error. Since CO2 fluxes were relatively stable throughout the incubation 
period, the measurements reported here are those from the final timepoint measurement (20 days 
after the incubation started). The highest average CO2 fluxes were recorded for Texture 1 (199 
µmol g-1 dry soil hr-1), and the maximum CO2 fluxes recorded for Texture 2 and Texture 3 were 
similar (146 and 148 µmol g-1 dry soil hr-1, respectively). The maximum CO2 flux for Texture 1 
occurred at a soil moisture of 0.187 g g-1, for Texture 2 at 0.162 g g-1, and for Texture 3 at 0.198 
g g-1, corresponding to % WFPS of 74%, 59%, and 57%, respectively. The fact that the overall 
magnitude of CO2 fluxes in this experiment did not vary greatly between the soil textures is 
consistent with previous studies suggesting that kaolinite does not have a significant stabilizing 





Figure 3-6: Measured CO2 fluxes for soil types of increasing silt+clay content (Texture 1<Texture 
2<Texture 3) at different soil moistures expressed gravimetrically (A) and on the basis of % WFPS 
(B) at the end of the incubation period. Error bars represent standard error (n=3). The value of 
% WFPS that falls above 100% for Texture 1 is due to the soil samples being slightly oversaturated 





For all soil textures, the general trend in CO2 fluxes with moisture content was as expected, 
with the maximum fluxes occurring at moderate soil moisture and fluxes decreasing toward either 
moisture content extreme. These results were also consistent with the findings in Chapter 2 that 
CO2 fluxes were non-zero under saturated conditions. Between the 3 soil textures, some 
differences started to emerge when CO2 fluxes were plotted against gravimetric soil moisture. 
Though it is difficult to discern the exact soil moisture where the peak in CO2 fluxes would occur 
without fitting a model to the data, the curves appeared slightly shifted relative to one another, 
with Texture 1 further to the left (toward lower soil moisture) and Texture 3 further to the right 
(toward higher soil moisture). This was consistent with the predictions of some empirical and more 
process-based models suggesting that the curve shifts to the right with increasing clay content in 
soil (Moyano et al., 2012; Moyano et al., 2013).  
When soil moisture was expressed as % WFPS, however, the differences between curves 
appeared less obvious. This was explained by the difference in porosity between the 3 soil textures. 
When expressed gravimetrically, the soil moisture did not consider that soils of greater clay 
content tend to have greater porosity. Although soils were compacted slightly at the beginning of 
the experiment to keep the soil bulk density as similar as possible between all soil samples, there 
were still some unavoidable differences in soil volume, bulk density and thus, porosity between 
soil textures. By expressing soil moisture as % WFPS, we could essentially standardize for 
differences in soil porosity. This observation was also made by Moyano et al. (2013) in their 
model, which predicted large differences in relative microbial respiration among soils of varying 
porosity, but these differences were minimized by expressing soil moisture as relative water 
saturation instead of volumetric water content (Figure 3-7). Representing soil moisture as 
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% WFPS was also recommended by Scott et al., (1996) as a way to combine the soil moisture and 
porosity parameters which could better account for the effects of soil texture and moisture. 
 
Figure 3-7: Figures obtained from Moyano et al. (2013) showing their model predictions for the 
relationship between relative respiration rate and soil moisture, expressed as either relative 
saturation (A) or volumetric water content (B).  
 Some differences remained between the 3 soil textures even when expressed as % WFPS. 
For example, Texture 1 appeared to have higher fluxes at low soil moisture compared to the other 
soil textures, which was also true for some of the model predictions when expressed as relative 
saturation (Moyano et al., 2013; Ghezzehei et al., 2019; Tang and Riley, 2019) Additionally, 
Texture 3 appeared to have lower fluxes at high soil moisture. One explanation for why Texture 
3, which had the highest proportion of clay, had lower fluxes at high moisture content than the 
other soil textures is that the volume of anoxic microsites may increase with clay content, limiting 
aerobic respiration (Keiluweit et al., 2018), although existing models do not account for this. The 
curve for Texture 3 appeared to be slightly narrower in shape, which is in agreement with a 
previous empirical model study (Moyano et al., 2012) and other model predictions. However, 
definitive statements about each soil texture’s relationship with soil moisture (as % WFPS) are 
difficult to make from this data since the error introduced by estimating the soil’s effective porosity 
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in this case is largely unknown. A significant challenge faced by this study was the difficulty in 
standardizing relative saturation across soil textures due to their differing properties and the error 
in estimating porosity and bulk density. Regardless, it was clear from these results that the way in 
which soil moisture is expressed can change how we observe differences between soil textures.  
3.3.3  Conclusion 
This experimental design was a unique and novel method to look at a rarely tested 
hypothesis: that the relationship between soil CO2 fluxes and soil moisture depends on the soil 
texture. Despite challenges with soil moisture adjustment and the estimation of % WFPS, these 
experimental results were useful to compare with predictions of existing models for the effect of 
soil texture on the CO2 flux – soil moisture relationship. Although developing a mechanistic model 
that accounts for differences in soil texture was outside the scope of this thesis, previous studies 
have started building the theoretical framework that may advance the modelling of this effect. 
Therefore, in this chapter, I presented a review of these existing models and some preliminary 
work where an experimental design was developed to assess soil texture and soil moisture effects 
in a factorial batch experiment. Although improvements to the experimental methods are needed 
for future work, recognizing the need for more direct experimental evidence for the development 
of mechanistic models was an important step in improving our process-based understanding of 




4 Conclusions and future research 
4.1 Summary of key findings 
The overall objective of this thesis was to advance the process-based understanding of how 
soil moisture and O2 control soil CO2 fluxes. Specifically, in Chapter 2, I aimed to validate the 
previous assumption that soil CO2 fluxes are highest at moderate soil moisture due to the 
minimization of the combined limitations of both soil moisture and O2. In this project, I performed 
a factorial batch experiment where the separate effects of soil moisture and O2 were evaluated. 
Additionally, I aimed to demonstrate the contribution of anaerobic production of CO2 to overall 
soil CO2 emissions and develop a model that incorporates anaerobic processes as a source of CO2. 
In Chapter 2, the experimental results showed that CO2 fluxes were maximal at moderate 
soil moisture in the oxic headspace incubations, as expected. However, CO2 fluxes were maximal 
at the highest moisture content under the anoxic headspace incubations, where O2 was consistently 
absent and its availability was therefore not changing with moisture content. These experimental 
data supported the assumption that O2 limitation is the dominant factor that limits CO2 fluxes at 
high soil moisture. Additionally, the influence of moisture content on CO2 fluxes in the complete 
absence of O2 demonstrated the independent effect of soil moisture on CO2 fluxes due to either 
substrate diffusion limitations or physiological limitations, or a combination of both.  
Our results demonstrated that previous models describing the effect of soil moisture on CO2 
fluxes underestimate fluxes at high soil moisture. Since previous models only considered aerobic 
respiration, they predicted the complete inhibition of CO2 production under the O2-limited 
conditions when soil is saturated with water. The previous approaches ignored the contribution of 
anaerobic processes to soil CO2 production. Instead of the complete inhibition of CO2 production, 
I measured substantial CO2 fluxes from the saturated soil, though it was still reduced compared to 
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the moderately-saturated soil. In addition, I measured CO2 fluxes from soil incubated under a 
completely O2-free headspace, demonstrating the importance of considering anaerobic CO2 
production. 
Results of the soil water chemistry analysis in Chapter 2 provided evidence for the types of 
anaerobic processes that were contributing to the measured CO2 fluxes. Low molecular weight 
organic acids accumulated in the soil under the anoxic headspace incubations, likely as products 
of fermentation, which is an important step in anaerobic soil OM decomposition. The depletion of 
EAs under anoxic headspace incubations indicated that anaerobic respiration reactions had 
occurred. Additionally, the measured fluxes of CH4 under anoxic headspace incubations indicated 
that, following a lag-time due to EA depletion, methanogenesis occurred which produced both 
CH4 and CO2. The absence of CH4 fluxes from soils incubated under oxic headspace conditions 
indicated that either CH4 was oxidized in oxic upper layers of the soil, or that soil conditions were 
not yet permissive of methanogenesis due to the presence of EAs. 
The model developed in Chapter 2 was one of this project’s novel contributions to the field 
of soil OM dynamics and CO2 flux modelling. This model improved on previous models by 
considering the sum of both aerobic and anaerobic production of CO2 from soil. As this is, to our 
knowledge, the first time an anaerobic component has been included in this type of model for the 
effect of soil moisture on CO2 fluxes, we chose a relatively simple approach that could easily be 
incorporated into other existing models. The model developed in Chapter 2 used a version of the 
DAMM model of Davidson et al. (2012) to represent the aerobic respiration component, and a 
simple “lumped” term for the anaerobic production of CO2 from soil. The incorporation of 
anaerobic sources of CO2 into this type of model for the effect of soil moisture on CO2 fluxes was 
67 
 
an important step in improving our ability to predict CO2 fluxes across a range of soil moisture 
contents. 
In addition to modelling CO2 fluxes as a function of moisture content, it will also be critical 
to predict CO2 fluxes across a range of different types of soil. One property that can vary between 
soil types that could affect CO2 fluxes is soil texture. In Chapter 3, I reviewed the existing 
knowledge on the effect of soil texture on soil OM decomposition, and existing models that have 
started to provide a framework for investigating this predicted effect. While the effect of clay 
content on soil OM protection has been studied extensively in the past, very few studies have 
investigated the interactive effect between soil texture and soil moisture. The studies reviewed in 
Chapter 3 suggested that differences in soil texture may contribute to variation observed in the 
relationship between CO2 fluxes and soil moisture. Reviewed models demonstrated the use of 
established empirical relationships and process-based understanding to make predictions about the 
effect of soil texture on CO2 fluxes.  
The factorial batch experiment conducted in Chapter 3 was a novel investigation into the 
effects of soil texture and soil moisture on CO2 fluxes and their interactions. While challenges in 
the experimental methods made it difficult to make conclusive interpretations of the relationships, 
the experiment was a first step in comparing past model predictions with direct experimental data. 
The data agreed with some model predictions in that, when expressed on a gravimetric basis, the 
data was slightly shifted towards higher soil moisture for the soil with higher clay content. The 
results also agreed with past observations that relative saturation (% WFPS) was a useful 
representation of soil moisture since it accounts for differences in the porosity between soil 
textures. One important conclusion from Chapter 3 was that it is important to consider the way in 
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which soil moisture is expressed, what it represents in the context of the soil environment, and 
how this relates to the soil processes under study. 
4.2 Recommendations for future research 
The model developed in Chapter 2 was a first step to accurately representing soil CO2 fluxes 
sourced from both aerobic and anaerobic soil processes. The simple representation of anaerobic 
sources as a single term for all anaerobic CO2 production was useful in demonstrating the 
importance of considering anaerobic production in addition to aerobic respiration. This 
improvement could easily be incorporated into existing models that have already developed a 
framework to represent the effects of soil moisture on solute and gas diffusion and microbial 
physiological limitations (Ghezzehei et al., 2019; Tang and Riley, 2019). The same mechanistic 
understanding of how soil moisture and O2 affect microbial aerobic respiration could similarly be 
applied to anaerobic microbial processes. However, to improve our predictions of microbial 
reaction rates at the bulk soil scale, we will first need to improve our understanding of how 
conditions at the pore scale are affected by moisture content, as this represents the conditions 
experienced by the microbial community (Keiluweit et al., 2017). 
To go beyond the “lumped” term included in this model, future models could include 
predictions of individual microbial processes (e.g., denitrification, acetoclastic methanogenesis), 
and could therefore also be expanded to include predictions of other products of microbial activity, 
such as N2O and CH4. To improve our ability to predict rates of different microbial metabolisms, 
there is a need for further experimental data that quantifies these processes. To better quantify the 
contributions of different metabolisms, it would be useful to collect time series data for cumulative 
CO2 and CH4, as well as the accumulation and depletion of other products and reactants. This 
could be collected by conducting a sacrificial batch experiment using a closed system where the 
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same measurements are repeated at different timepoints by destructively sampling replicates. 
While closed incubation experiments have their own limitations (e.g., less representative of in situ 
conditions where gas products can diffuse away), they can facilitate accurate quantification of the 
mass balance. 
The review of the effects of soil texture and soil moisture on CO2 fluxes in Chapter 3 
identified the lack of experimental studies investigating these two factors. The review of the 
existing models, however, identified that much work has been performed to conceptualize and 
start making model predictions about the possible interaction between soil texture and soil 
moisture. The experiment presented in Chapter 3 demonstrated the challenges in attempting to 
control both soil texture and soil moisture in a factorial batch experiment. Continued 
improvements to these experimental methods and additional factorial experiments will therefore 
be needed to better understand the mechanisms by which these two factors can interact. The 
continued development of models for CO2 fluxes will rely on direct experimental evidence to 
incorporate process-based understanding of how soil texture can affect the relationship between 
CO2 fluxes and soil moisture. 
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Appendix – Additional experimental results from Chapter 2 
 
Figure A-1: Soil pore water pH (top) and electrical conductivity (EC; bottom) from direct pore 
water extractions in the Chapter 2 experiment. Measurements are from direct pore water 
extractions (see section 2.2.3) at the beginning of the experiment (grey) and at the end (oxic – 





Figure A-2: Total soluble nitrogen in soil pore water and K2SO4 extracts measured at the 
beginning (initial – grey) and end (oxic – blue and anoxic – red) of the incubation in the Chapter 
2 experiment. The concentrations measured in the K2SO4 extracts represent the total soluble 
concentration (lighter shade), the concentrations measured in the pore water represent the 
dissolved fraction of the soluble concentration (darker shade) and the difference between these 
concentrations represents the extracted fraction (striped). Extraction and analytical methods were 
described in section 2.2.3. Error bars represent standard deviation (n=3, *n=2), not shown for 





Figure A-3: Soil organic carbon measured for oxic (blue) and anoxically (red) incubated soil 
samples at the end of the incubation in the Chapter 2 experiment. Measurements were made using 






Figure A-4: Microbial biomass C (top) and soil ATP (bottom) measured at the beginning of the 
Chapter 2 experiment (initial – grey), and at the end of the incubation (oxic – blue; anoxic – red). 
Methods are briefly described in this appendix. Error bars represent standard deviation (n=3), not 




Additional materials and methods 
Upon sacrificing the initial and final soil samples, duplicate subsamples (1.5-2.0 g bulk soil) 
were immediately prepared for analysis of soil biomass carbon (C) and nitrogen (N) via the 
chloroform fumigation extraction technique outlined in Vance et al. (1987). Both fumigated 
samples (24 hr chloroform fumigation in a vacuum desiccator) and non-fumigated samples were 
extracted with 0.5 M K2SO4 (1:4 soil-to-extractant ratio), centrifuged at 3500 rpm for 15 min and 
the supernatants filtered (0.45 µm polypropylene syringe filters, VWR). Filtered extracts were 
acidified with HCl to pH <2 and analyzed for DOC on a total organic carbon analyzer (Shimadzu 
TOC-LCPH/CPN). Biomass C was calculated as the difference between the extractable DOC 
concentrations of the fumigated and non-fumigated samples using an extraction factor of 
Kec = 0.45 (Joergensen, 1996).  
Additional subsamples of initial and final samples were also immediately flash frozen in 
liquid nitrogen and stored at -20°C for later analysis of adenosine triphosphate (ATP) 
concentration based on a method adapted from Jenkinson and Oades (1979) and Redmile-Gordon 
et al. (2011). Samples (0.6-1.0 g bulk soil) were extracted in the “TIP” reagent (0.92 M 
trichloroacetic acid, 0.59 M imidazole, 0.47 M Na2HPO4; 1:10 ratio). Samples were sonicated for 
2 min, cooled on ice for 8 min, filtered (Whatman 42 filter), flash frozen in liquid nitrogen and 
stored at -20°C. Analysis of ATP concentration was performed using an assay kit (BacTiter-Glo 
Microbial Cell Viability Assay, Promega) by diluting the soil extracts in 20 mM HEPES buffer 
(in place of the arsenate buffer used by Jenkinson and Oades, 1979). Luminescence of samples, 
matrix-matched calibration standards and blanks (autoclaved soil) were measured in triplicate 
using white 96-well plates on a microplate reader (FlexStation 3 Multi-Mode Microplate Reader, 
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Molecular Devices). The detection limit for this method was determined to be 0.0005 nmol g-1 dry 
soil. 
